Isolation and Oxidative Modifications of Sesquiterpene Lactones. by Nunez, Isabel Salkeld
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1992
Isolation and Oxidative Modifications of
Sesquiterpene Lactones.
Isabel Salkeld Nunez
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Nunez, Isabel Salkeld, "Isolation and Oxidative Modifications of Sesquiterpene Lactones." (1992). LSU Historical Dissertations and
Theses. 5457.
https://digitalcommons.lsu.edu/gradschool_disstheses/5457
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.
The quality o f this reproduction is dependent upon the quality o f the 
copy subm itted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event tha t the author did not send U M I a com plete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a  note will indicate 
the deletion.
Oversize m aterials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to  right in equal sections with small overlaps. Each 
orig inal is also pho tographed  in  one exposure and  is included in 
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. H igher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to  order.
U niversity  M icrofilms In tern a tio n a l 
A Bell & Howell Inform ation  C o m p a n y  
3 0 0  N orth  Z e e b  R o a d . A nn Arbor. Ml 4 8 1 0 6 -1 3 4 6  USA 
3 1 3 /7 6 1 -4 7 0 0  8 0 0 /5 2 1 -0 6 0 0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
O rder N u m b er 9316989
Isolation and oxidative modifications of sesquiterpene lactones
Nunez, Isabel Salkeld, Ph.D.
The Louisiana State University and Agricultural and Mechanical Col., 1992
U M I
300 N. ZeebRd.
Ann Aibor, MI 48106
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ISOLATION AND OXIDATIVE MODIFICATIONS 
OF SESQUITERPENE LACTONES
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
The Department of Chemistry
by
Isabel Salkeld Nunez 
B.S., Pontificia Universidad Cat61ica Del Peru, Lima, Peru, 1983 
M.S. in Chemistry, Louisiana State University, 1990 
December 1992
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
To Roberto, 
Laura and Andrea
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGEMENTS
I would like to thank Professor Nikolaus H. Fischer for his guidance and 
support during all these years, especially during the final step of writing this 
dissertation.
I would like to express my gratitude to all my family in Peru for providing 
constant encouragement to pursue this degree.
Special thanks to my husband and colleague who kept inspiring me towards the 
completion of this dissertation and who was able to help me raise two lovely 
daughters.
I am very grateful to all my fellow students and friends at LSU for making my 
stay very enjoyable and productive, contributing to the accomplishment of this 
work.
Thanks also to Louisiana State University for the financial support rendered to 
me as a graduate assistant
III
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ACKNOWLEDGEMENTS
Page
iii
TABLE OF CONTENTS iv
LIST OF TABLES vi
LIST OF FIGURES vii
LIST OF SCHEMES xii
ABSTRACT xiv
CHAPTER
1. INTRODUCTION 1
2. ISOLATION OF SESQUITERPENE LACTONES 26
2.1 Isolation of Melampolides from Melampodium leucanthum 27
Introduction 27
Results and Discussion 29
Experimental 45
2.2 Isolation of Sesquiterpene Lactones from Podachaenium eminens 48 
Introduction 48
Results and Discussion 50
Experimental 61
2.3 Isolation of Sesquiterpene Lactones from Pappobolus nigrescens 67 
Introduction 67
Results and Discussion . 70
Experimental 85
2.4 Isolation of Diterpenes from Rudbeckia missouriensis 86
Introduction 86
Results and Discussion 89
Experimental 103
3. OXIDATIVE MODIFICATIONS OF DEHYDROCOSTUS
LACTONE 105
Introduction 106
3.1 Peroxyacid Oxidation of Dehydrocostus Lactone 111
Introduction 111
Results and Discussion 113
Experimental 129
3.2 Allylic Oxidation of Dehydrocostus Lactone with Selenium
Dioxide and t-Butyl Hydroperoxide 131
Introduction 131
iv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Results and Discussion 134
Experimental 137
3.3 Attempted Singlet Oxygen Oxidation Reactions of Dehydrocostus
Lactone 155
Introduction 155
Results and Discussion 158
Experimental 159
4. ATTEMPTED SYNTHESIS OF P-HYDROXY-
a-METHYLENE y-LACTONES 163
Introduction 164
Results and Discussion 171
Experimental 176
REFERENCES 196
VITA 204
v
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF TABLES
Table Page
2 . 1. 1. !H NMR spectral data of compounds 73 and 74 32
2 . 1.2 . !H NMR spectral data of compounds 89 and 90 36
2.1.3. 13C NMR spectral data of compounds 89 and 90 43
2 .2 . 1. *H NMR spectral data of compounds 21,31 and 91 54
2 .2 .2 . 13C NMR spectral data of compounds 21, 31 and 91 57
2.3.1. !H NMR spectral data of compounds 92-94 83
2.3.2. 13C NMR spectral data of compounds 92-94 84
2.4.1. !H NMR spectral data of compounds 114 and 115 97
2.4.2. 13C NMR spectral data of compounds 114 and 115 98
3.1.1. !H NMR spectral data of compounds 20,129 and 130 126
3.1.2. 13C NMR spectral data of compounds 20,129 and 130 128
3.2.1. JH NMR spectral data of compounds 20 and 116 140
3.2.2. 13C NMR spectral data of compounds 20 and 116 143
3.2.3. Positional parameters of 3-epizaluzanin C (116) 146
3.2.4. Bond distances of 3-epizaluzanin C (116) 148
3.2.5. Bond angles of 3-epizaluzanin C (116) 149
3.2.6. Torsion angles of 3-epizaluzanin C (116) 151
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure Page
1.1. Major skeletal types of sesquiterpene lactones 3
1.2. Examples of biologically active sesquiterpene lactones 5
1.3. Series of p-hydroxy-a-methylene-y-lactones 8
1.4. Sesquiterpene lactones from Podachaenium 10
1.5. Sesquiterpene lactones from Montanoa 10
1.6. Sesquiterpene lactones from Decachaeta 11
1.7. Sesquiterpene lactones from Sphaeranthus and Grangea 11
1.8. Sesquiterpene lactones from Thapsia 12
1.9. Configurational types of 12,6P*germacranolides 14
2.1.1. Melampolides from Melampodium leucanthum 28
2.1.2. 400 MHz *H NMR spectrum of crystalline mixture of
melampodin A acetate (73) and leucanthin B (74) 30
2.1.3. 100 MHz DEPT 90,135 and BB 13C NMR spectra of crystalline
mixture of melampodin A acetate (73) and leucanthin B (74) 31
2.1.4. 400 MHz !H NMR spectrum of crystalline mixture of
leucanthinin (89) and leucanthinin-4-epoxide (90) 33
2.1.5. 2D !H NMR COSY correlation of crystalline mixture of
leucanthinin (89) and leucanthinin-4-epoxide (90) 35
2.1.6. 100 MHz DEPT 90,135 and BB 13C NMR spectra of crystalline
mixture of leucanthinin (89) and leucanthinin-4-epoxide (90) 37
2.1.7. 400 MHz *H NMR spectrum of leucanthinin-4-epoxide (90) 38
2.1.8 . 400 MHz 2D *H NMR COSY spectrum of
leucanthinin-4-epoxide (90) 40
2.1.9. 100 MHz DEPT 90,135 and BB 13C NMR spectra of
leucanthinin-4-epoxide (90) 41
2.1.10. 2D ^ C ^ H  correlation spectrum of leucanthinin-4-epoxide (90) 42
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.1.11. 400 MHz *H NMR spectra of TAI-induced shift experiment of
leucanthinin-4-epoxide (90) 44
2.1.12. CD and IR spectra of leucanthinin-4-epoxide (90) 46
2.2.1. Sesquiterpene lactones from Podachaenium eminens 49
2.2.2. NMR spectrum of 7a-hydroxydehydrocostus lactone (21) 51
2.2.3. 13C NMR spectrum of 7a-hydroxydehydrocostus lactone (21) 52
2.2.4. 2D lH NMR COSY spectrum of
7a-hydroxydehydrocostus lactone (21) 53
2.2.5. 2D 13C-!H Heteronuclear correlation spectrum of
7a-hydroxydehydrocostus lactone (21) 55
2.2.6. *H NMR spectrum of 13-hydroxy-11,13-dihydro-7,11 -dehydro-
3-desoxy-zaluzanin C (31) 58
2.2.7. 13C NMR spectrum of 13-hydroxy-l l,13-dihydro-7,l 1-dehydro-
3-desoxy-zaluzanin C (31) 59
2.2.8. *H NMR spectrum of reynosin (91) 60
2.2.9. 13C NMR spectrum of reynosin (91) 62
2.2.10. 2D NMR COSY spectrum of reynosin (91) 63
2.2.11. MS spectrum of reynosin (91) 64
2.3.1. Furanoheliangolides from Pappobolus 69
2.3.2. NMR spectrum of atripliciolide 2-methylbutyrate (92) 71
2.3.3. DEPT 135, DEPT 090, and BB 13C NMR spectra of
atripliciolide 2-methylbutyrate (92) 72
2.3.4. Multiple Decoupling *H NMR spectra of atripliciolide
2-methylbutyrate (92) 74
2.3.5. *H NMR spectrum of atripliciolide tiglate (93) 76
2.3.6. DEPT 135, DEPT 090, and BB 13C NMR spectra of
atripliciolide tiglate (93) 78
2.3.7. NMR spectrum of 17,18-dihydrobudlein (94) 79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.3.8. DEPT 135, and BB 13C NMR spectra of
17.18-dihydrobudlein (94) 80
2.3.9. Multiple Decoupling JH NMR spectra of
17.18-dihydrobudlein (94) 81
2.4.1. Types of compounds isolated from the genus Rudbeckia 87
2.4.2. NMR spectrum of ent-kaur-16-en-19-oic acid (114) 90
2.4.3. 13C NMR spectrum of ent-kaur-16-en-19-oic acid (114) 91
2.4.4. DEPT 135, DEPT 090, and BB 13C NMR spectra of
ent-kaur-16-en-19-oic acid (114) 92
2.4.5. 2D 13C-!H Heteronuclear correlation spectrum of
ent-kaur-16-en-19-oic acid (114) 93
2.4.6. IR spectrum of ent-kaur-16-en-19-oic acid (114) 95
2.4.7. *H NMR spectrum of ent-kaur-16-en-19-al (115) 99
2.4.8. 13C NMR spectrum of ent-kaur-16-en-19-al (115) 100
2.4.9. DEPT 135, DEPT 090 and BB l3C NMR spectra of
ent-kaur-16-en-19-al (115) 101
2.4.10. IR spectrum of ent-kaur-16-en-19-al (115) 102
3.1. Sesquiterpene lactones from Saussurea lappa 107
3.1.1. Dehydrocostus lactone (20) and epoxidation products (129)-
(131) 112
3.1.2. !H NMR spectrum of the mixture of diepoxides (131) 114
3.1.3. 13C NMR spectrum of the mixture of diepoxides (131) 115
3.1.4. !H NMR spectrum of epoxide (129) 117
3.1.5. Multiple decoupling NMR spectra of epoxide (129) 118
3.1.6. 13C NMR spectrum of epoxide (129) 121
3.1.7. 2D 13C- *H Heteronuclear correlation of epoxide (129) 122
3.1.8. NMR spectrum of epoxide (130) 123
IX
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.1.9. Multiple decoupling *H NMR spectra of epoxide (130) 125
3.1.10. 13C NMR spectrum of epoxide (130) 127
3.2.1. *H NMR spectrum of 3-epizaluzanin C (116) in CDC13 135
3.2.2. ^  NMR spectrum of 3-epizaluzanin C (116) in C6D6 136
3.2.3. DEPT 135, DEPT 090, and BB 13C NMR spectra of
3-epizaluzanin C (116) 137
3.2.4. IR and MS spectra of 3-epizaluzanin C (116) 138
3.2.5. 2D *H NMR COSY spectrum of 3-epizaluzanin C (116) 139
3.2.6. 2D ^G ^H  Heteronuclear correlation spectrum of
3-epizaluzanin C (116) 142
3.2.7. X-ray structure of 3-epizaluzanin C (116) 144
3.2.8. Stereoview of 3-epizaluzanin C (116) 145
3.2.9. *H NMR spectrum of minor oxidation products of the reaction of
dehydrocostus lactone (20) with Se02 / lBuOOH 153
3.3.1. Postulated oxidation products of the singlet oxygen reaction of
dehydrocostus lactone (20) 157
3.3.2. NMR spectrum of an enriched fraction (F5-11C) of the
singlet oxygen reaction of dehydrocostus lactone (20) 159
3.3.3. *H NMR spectrum of an enriched fraction (F5-1 ID) of the
singlet oxygen reaction of dehydrocostus lactone (20) 160
4.1. Series of P-hydroxy-a-methylene-y-lactones 166
4.2. 100 M H z1H NMR spectrum of 1,2-bis(trimethylsilyloxy)-
cyclopentene (170) 172
4.3. 400 MHz [H NMR spectrum of l,2-bis(trimethylsilyloxy)-
cyclopentene (170) 174
4.4. 13C NMR spectrum of l,2-bis(trimethylsilyloxy)cyclopentene
(170) 175
4.5. *H NMR spectrum of 2-hydroxycyclopentanone (171) 177
x
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.6.
4.7.
13C NMR spectrum of 2-hydroxycyclopentanone (171) 
!H NMR spectrum of 2-acetoxycyclopentanone (172)
178
179
4.8. 13C NMR spectrum of 2-acetoxycyclopentanone (172) 180
4.9. NMR spectrum of ethyl-2-bromopropionate (173) 182
4.10. 13C NMR spectrum of ethyl-2-bromopropionate (173) 183
4.11. JH NMR spectrum of ethyl-2-(phenylthio)propionate (174) 184
4.12. 13C NMR spectrum of ethyl-2-(phenylthio)propionate (174) 185
4.13. *H NMR spectrum of the crude product of the condensation 
reaction of 2-acetoxycyclopentanone (172) and 
ethyl-2-(phenylthio)propionate (174) 186
4.14. *H NMR spectrum of fraction F-l of the condensation 
reaction of 2-acetoxycyclopentanone (172) and 
ethyl-2-(phenylthio)propionate (174) 188
4.15. 13C NMR spectrum of fraction F-l of the condensation 
reaction of 2-acetoxycyclopentanone (172) and 
ethyl-2-(phenylthio)propionate (174) 189
4.16. *11 NMR spectrum of fraction F-2 of the condensation 
reaction of 2-acetoxycyclopentanone (172) and 
ethyl-2-(phenylthio)propionate (174) 190
4.17. 13C NMR spectrum of fraction F-2 of the condensation 
reaction of 2-acetoxycyclopentanone (172) and 
ethyl-2-(phenylthio)propionate (174) 191
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF SCHEMES
Scheme Page
1.1. Reaction catalyzed by the enzyme phosphofructokinase (PFK) 7
1.2. Retro-synthetic approach to P-hydroxy-a-methylene-
y-lactones (24) 8
1.3. Biogenesis of a germacranolide 13
1.4. C r03 oxidation of melampodin A (18) 15
1.5. PCC oxidation of 9-acetoxymelnerin A (66) 15
1.6 . Mechanism of peroxyacid oxidation of alkenes 16
1.7. Peroxyacid oxidation of costunolide (69) 17
1.8. Peroxyacid oxidation of longicomin A (71) 17
1.9. Peroxyacid oxidation of melampodin A acetate (73) 17
1.10. Mechanism of the reaction of singlet oxygen and alkenes 18
1.11. Conversion of magnoliolide (75) into artemin (77) 19
1.12. Conversion of 11 p, 13-dihydrocostunolide (78) into gallicin (79) 19
1.13. Singlet oxygen reaction of costunolide (69), parthenolide (14)
and 11 PH, 13-dihydroparthenolide (15) 20
1.14. Mechanism of the allylic oxidation of alkenes with Se02 21
1.15. Mechanism of allylic oxidation with SeO^BuOOH 22
1.16. Biomimetic transformation of a germacranolide (83) into
melampolides (84) and (85) 23
1.17. Conversion of melampolide (86) into cis.cis-germacranolide
(87) 23
1.18. Allylic oxidation of 6-epi-laurenobiolide (88) 24
3.1. Total synthesis of dehydrocostus lactone (20) 110
3.2.1. Allylic oxidation of dehydrocostus lactone (20) with
SeO^BuOOH in CH2C12 132
xii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.2.2. Mechanism of the allylic oxidation of dehydrocostus
lactone (20) with SeC^BuOOH 133
4.1. Michael-type reaction of a-methylene-y-lactones with
nucleophiles 165
4.2. Synthesis of tulipalin B (148) 166
4.3. Synthesis of P-acetoxy-a-methylene-y-butyrolactones (152) 167
4.4. Synthesis of Lauraceae lactones (158) 167
4.5. Stereospecific synthesis of litsenolides (162) 168
4.6. Synthesis of P-hydroxy-a-methylene-y-butyrolactones (168) 169
4.7. Postulated synthetic approach to P-hydroxy-a-methylene-
y-lactones (178) 170
4.8. Mechanism of the condensation reaction of the enolate of
ethyl-2-(phenylthio)propionate (176) and 2-acetoxycyclo- 
pentanone (172) 192
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
In a biochemical systematic study of the tribe Heiiantheae, the isolation and 
structural elucidation of secondary metabolites from four species is reported. The 
aerial parts of M elampodium leucanthum  afforded, besides the known 
melampolides melampodin A acetate, leucanthin B and leucanthinin, the new 
lactone le ucanthinin-4-epoxide. Peracid oxidation of leucanthinin provided its 
monoepoxide derivative, the physical and spectroscopical data of which were 
identical with the new natural lactone. The isolation and structural elucidation of 
7a-hydroxydehydrocostus lactone, 13-hydroxy-l l,13-dihydro-7,l 1 -dehydro-3- 
desoxy-zaluzanin C and reynosin from Podachaenium eminens is reported. The 
isolation of the furanoheliangolides atripliciolide 2-methylbutyrate, atripliciolide 
tiglate and 17,18-dihydrobudlein A from Pappobolus nigrescens  was 
accomplished. The aerial parts of Rudbeckia missouriensis afforded the diterpene 
acid (-)-kaur-16-en-19-oic acid and the corresponding aldehyde. There was no 
evidence o f the presence of sesquiterpene lactones. The detailed structure 
elucidation using spectroscopical methods is described.
In continuation of a study on oxidative transformations of natural sesquiterpene 
lactones, dehydrocostus lactone was subjected to oxidative transformations. 
Dehydrocostus lactone was isolated from costus resinoid, the essential oil of roots 
of Saussurea lappa Clark (Compositae), which is widely used as a  blending agent 
in the perfume industry, and has been found to possess several biological activities. 
Oxidation with m-chloroperoxybenzoic acid afforded mono- and diepoxides. 
Allylic oxidation with selenium dioxide and *butyl hydroperoxide afforded 3- 
epizaluzanin C. Singlet oxygen oxidation with methylene blue as sensitizer 
produced very small amount of oxidation products.
x iv
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The synthesis of a series of P-hydroxy-a-methylene-y-lactones was attempted. 
The synthetic approach involved the condensation of 2-acetoxycycloalkanone with 
ethyl-2-(phenylthio)propionate, prepared from the reaction of ethyl-2-bromo- 
propionate with thiophenol. The 2-acetoxycyclopentanone was obtained by 
acetylation of 2-hydroxycyclopentanone, which was prepared through an acyloin 
condensation reaction of diethyl glutarate. Analysis of the products from the 
condensation reactions provided no evidence of the formation of the desired 0- 
acetoxy-a-phenylthio-y-lactone, precursor of the targeted p-hydroxy-a-methylene- 
y-lactone. The results of the reaction sequence are discussed.
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Chapter 1
INTRODUCTION
1
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2Folk cultures have made use of plants for medicinal purposes for centuries. 
Among the remedies developed were febrifuges from the bark of the willow tree 
(genus Salix), now known to contain certain derivatives of salicylic acid, which 
was the basis for the development of aspirin. The Chinese herb Ephedra vulgaris 
used for the treatment of asthma, ephedrine being the active alkaloid component 
Other common drugs are quinine from Cinchona succirubra bark for treatment of 
malaria; and the heart drug digitalis from the purple foxglove (Digitalis purpurea) .1 
Modem medicines and agricultural products are often based on ancient knowledge.2 
One of the latest examples is the discovery of taxol from the baric of the Pacific yew 
tree, Taxus brevifolia , as a very promising drug to fight different types of 
cancer.3,4
The discovery of such herbal remedies has provided a great impetus for the 
continued isolation and characterization of plant secondary metabolites, relating 
their structures and functions to their potential uses in medicine, agriculture and 
related fields.
Among the plant natural products, sesquiterpene lactones form one of the 
largest classes, with over 3500 naturally occurring sesquiterpene lactones now 
known.5,6 The different skeletal types of sesquiterpene lactones are classified on 
the basis of their carbocyclic ring skeleton, using the suffix "olide" to indicate a 
lactone group (Figure 1.1).
Although early studies on sesquiterpene lactones were oriented towards their 
use as taxonomic markers in biochemical systematic studies within the plant family 
Asteraceae (Compositae),7,8 they have been shown to exhibit a wide range of 
biological activities.9,10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3(1) germacranolide
(4) eremophilanolide
O
(7) xanthanolide
(2) eudesmanolide
(5) cadinanolide
O
(8) pseudoguainolide
(3) elemanolide
0
(6) guaianolide
O
(9) seco-pseudoguaianolide
Figure 1.1 Major skeletal types o f sesquiterpene lactones
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4Despite the fact that many sesquiterpene lactones have been found to be 
cytotoxic and anti-cancer active, extensive testing by the U. S. National Cancer 
Institute showed that these compounds were too toxic to be used for further clinical 
studies. Examples of anti-tumor active lactones are helenalin (10), vemolepin 
(17), parthenolide (14), melampodinin A (19), and tenulin (12) 11-12 (Figure 
1.2). Certain sesquiterpene lactones have been found to exhibit insect anti-feedant 
properties. Since the first report on glaucolide A (16)13, several other lactones 
have been shown to be effective feeding deterrents, among them helenalin (10), 
linifolin A ( l l )14’15 and melampodin A (18) and melampodinin A (19).16 Other 
sesquiterpene lactones exhibit anti-bacterial17 and anti-fungal1* properties. It has 
been shown that in most cases of allergic contact dermatitis in humans, a -  
methylene-Y-lactones are the allergy-causing agents, among these parthenin (13) 
and related lactones.19 Certain sesquiterpene lactones have been shown to act as 
plant growth regulators.10 These secondary metabolites either inhibit or stimulate 
the germination and/or growth of other plants .20*22 For instance, 
dihydroparthenolide (15) and related germacranolides have been shown to 
stimulate the germination of witchweed ( Striga asiatica), a parasitic weed of 
several major graminoid food crops, with activities comparable to those of the 
natural germination stimulants produced by the host plants.23124
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5OH OAc
(10) helenalin (11) linifolin A
HO Me
OH
(12) tenulin (13) parthenin
(14) parthenolide
•A
(16) glaucoude A
Me
(15) dihydropaithenolide
(17) vemolepin
Figure 1.2 Examples of biologically active sesquiterpene lactones
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o
(20) dehydrocostus lactone R  = H
(21) 7a-hydroxydehydro- 
costus lactone R = OH
Figure 1.2 cont Examples of biologically active sesquiterpene lactones
Some sesquiterpene lactones have been shown to exhibit molluscicidal activity 
against intermediate hosts of schistosomiasis.25' 55 Schistosomiasis is a disease 
which affects millions of people living in Africa, Asia, and South America. It has 
been shown that 7a-hydroxydehydrocostus lactone (21) exhibited the highest level 
of molluscicidal activity.29 Vargas54 demonstrated that 7a-hydroxydehydrocostus 
lactone (21) isolated from a collection of Podachaenium eminens, is twenty-five 
times more inhibitory towards phosphofructokinase (PFK) than is its non- 
hydroxylated analog dehydrocostus lactone (20)55,56. Phosphofructokinase 
(PFK) is an enzyme that catalyzes the phosphorylation of fructose-6-phosphate
(22) to fructose-1,6-diphosphate (23) (Scheme l . l ),57 a key step in the glycolytic 
pathway.
(18) melampodin A R -A
(19) melampodinin A R'=B
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7-2o 3p o h 2c OH 20 3P 0 H2C c h 2o p o 32
H
OH H
ATP ADP + H+
;h2° h  J
PFK OH H
IH
(22) fructose-6-phosphate (23) fructose-1,6-bis-phosphate
Scheme 1.1 Reaction catalyzed by the enzyme phosphofructokinase (PFK)
It has been proposed that the a-methylene-y-lactone moiety of a sesquiterpene 
lactone acts as a receptor for biological nucleophiles, in particular, thiol and amino 
groups, causing irreversible alkylations of these essential functions in certain 
enzymes.10 A hydroxyl group located in proximity to the lactone functionality in 
7a-hydroxydehydrocostus lactone (21) probably enhances the inhibition of PFK 
by mimicking the sugar substrate. Although there is no direct correlation of 
molluscicidal activity and PFK inhibition, it is interesting to note that the most 
active molluscicidal sesquiterpene lactone tested, 7a-hydroxydehydrocostus lactone 
(21), is also the most efficient inhibitor of PFK.
It was this remarkable effect on the activity o f a sesquiterpene lactone, namely 
the introduction of a hydroxy functionality adjacent to the a-methylene-y-lactone 
unit, that prompted our interest in the isolation and preparation of compounds with 
similar oxidation patterns. There has been a large effort towards the synthesis of 
sesquiterpene lactones.38,39 Our purpose was to obtain a series of compounds 
containing the P-hydroxy-a-methylene-y-lactone unit (Figure 1.3), which could be 
tested for their biological activities. Further analysis would provide information on 
the structural requirements for enhanced activity.
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(24)
Figure 1.3 Series of P-hydroxy-a-methylene-7-lactones
The synthetic approach chosen in this dissertation is outlined in Chapter 4. The 
plan is based on the retrosynthetic analysis presented in Scheme 1.2 40 The P- 
hydroxy-a-methylene-Y-lactone (24) could be formed by condensation of the a- 
hydroxycycloalkanone (25) with a suitable ethylpropionate enolate (26). The a- 
hydroxycycloalkanone (25) could be obtained by an acyloin condensation41 of the 
corresponding acyclic diester (27).
OH
(24)
CH3
0
(2 7 ) (25) (26)
Scheme 1.2 Retro-synthetic approach to p-hydroxy-a-methylene-y-lactones (24)
_  .0
'COOEt / - ‘r
(CH2) '  < = ( C H 2) / v I +
COOEt V ^ ^ O H  E to
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9Continuing the efforts towards the preparation of highly oxygenated 
terpenoids42, different oxidation reactions were explored and are discussed in 
Chapter 3.
Oxidation reactions play an important role in research and in industrial 
processes. Many biological transformations involve enzymatic oxidations.1 
Oxidative chemical transformations of plant secondary metabolites are frequently 
carried out to aid in their structure elucidation, to be used as models for biogenetic- 
type transformations, to synthesize new compounds and to determine the effect 
these changes have on the biological activities of these compounds. Structure- 
activity correlations can be obtained that could prove very valuable in the 
development of more selective and more potent as well as less toxic products.
Hydroxylation adjacent to the a-methylene-y-lactone unit is not a very common 
feature in sesquiterpene lactones. It has been reported in several species of the 
family Asteraceae. Guaianolides (20),(21),(28)-(32) have been isolated from 
species of the genera Podachaenium43 (Figure 1.4). From M ontanoa44-46 
species, germacranolides (33)-(37) have been reported (Figure 1.5). 
Decachaeta47 afforded lactones (38)-(41) (Figure 1.6). Eudesmanolides (42)- 
(44) were isolated from a species of the genera Sphaeranthus48, while a 
Grangea49 species provided lactones (44)-(46) (Figure 1.7). Several hydroxy 
lactones (47)-(54) have been isolated from various species of the genera 
Thapsia50-52 of the plant family Umbelliferae (Figure 1.8). Commonly the 
hydroxylated compounds co-occur with the corresponding non-hydroxylated 
structures, suggesting their biogenetic interrelationships.
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R
"••U!
(20) R = H R' = H
(21) R = H R' = OH
(28) R = OAc R' = H
(29) R = OH R' = H
(30) R = H
(31) R = OH (32)
Figure 1.4 Sesquiterpene lactones from Podachaenium
OR.
OR,
O
R Ri r 2
(33) H epoxyang Ac
(34) OH epoxyang Ac
(35) H H epoxyang
(36) H Ac epoxyang
(37) OH Ac epoxyang
Figure 1.5 Sesquiterpene lactones from Montanoa
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t'HOH
(38 )
OH
OH
(4 0 )
(39)
OH
,OH
(41)
Figure 1.6 Sesquiterpene lactones from Decachaeta
OH
(4 2 ) (43) O
HO
(44) R = OH
(45) R = H
(46)
Figure 1.7 Sesquiterpene lactones from Sphaeranthus and Grangea
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OH
O
(47) R 1 = OHex R2 = H (51) R1 = OAng R2 = Bu
(48) R 1 = H R2 = Mebu (52) R1 = OiVal R2 = Bu
(49) R 1 = OOct R2 = Bu (53) R1 = OAng R2 = Sen
(50) R1 = OHex R2 = Bu (54) R 1 = OAng R2 = Mebu
Figure 1.8 Sesquiterpene lactones from Thapsia
Biogenetic theory of sesquiterpene lactones is based on biosynthetic pathways 
of analogous terpenoids. The biosynthesis of sesquiterpene lactones is not known, 
but it is assumed to proceed via the famesyl or nerolidyl pyrophosphates route. 
Biomimetic transformations of natural products and their derivatives into other 
skeletal types are often used as models to support biogenetic proposals. The 
isolation of a large number of sesquiterpene lactones containing epoxide and some 
with hydroperoxide groups, suggests the involvement of epoxides in sesquiterpene 
cyclizations and singlet oxygen type reactions in allylic oxidations.5-6 For example, 
one hypothetical route in the biogenesis of the germacranolides, the largest group of 
naturally occurring sesquiterpene lactones, involves initial cyclization of trans, 
trans- famesyl pyrophosphate (55) to give naturally occurring germacrene A (56) 
(Scheme 1.3). Oxidative biomodification could either proceed via initial formation 
of an epoxide (57) or via a singlet oxygen process followed by reduction of the 
intermediate hydroperoxide to provide the corresponding allylic alcohol (58),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
.13
which upon further oxidation would give the acid (59). Hydroxylation at C-6 and 
subsequent lactonization would provide the germacranolide (60).
(56)
epoxidat
-OPP
^  H
* OPP 
(55)
reduct
(57)
OH
(58)
: to]i
t
.COOH lacton iz.
O
(59)
Scheme 1.3 Biogenesis of a germacranolide
Four germacranolide subgroups are found as natural products. They are classified 
on the basis of the configuration of the cyclodecadiene double bonds into 
germacrolides (61), melampolides (62 ), heliangolides (63) and cis, cis- 
germacranolides (64) (Figure 1.9). It has not been established whether these
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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subgroups are derived from their respective famesyl pyrophosphate isomers or 
whether the enzymatic and/or photochemical isomerizations of the double bonds 
occur at a later biosynthetic stage.
(61) germacrolide
(63) heliangolide
O
(62) melampolide
0
(64) cis, cis- germacranolide 
Figure 1.9 Configurational types of 12,6p - germacranolides
Oxidative rearrangements of germacranolides have been observed to occur with
certain melampolides. As shown in Scheme 1.4, melampodin A (18), when
treated with chromium trioxide in acetic acid, gave the keto-epoxide (65).53 In
another example (Scheme 1.5), the oxidation of 9-acetoxymelnerin A (66) with
»
pyridinium chlorochromate (PCC) resulted in the formation of the aldehyde (67) 
along with the rearranged ketone (6S).54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
.15
.OH
OR
(18) melampodin A
CO,Me
CrO,
HOAc*
OR
(65)
R = r« H
Scheme 1.4 C1O3 oxidation of melampodin A (18)
OAc
OR
HO
PCC
CO,M e
OAc
OR
(67)
(66) 9-acetoxymelnerin A
O
OAc
OR
(68 )
Scheme 1.5 PCC oxidation of 9-acetoxymelnerin A (66)
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Various methods for the epoxidation of alkenes are known,55-57 with the most
common reagents being peroxyacids. The reaction is formulated as a concerted 
process, with retention of the stereochemistry of the olefmic substituents (Scheme 
1.6). Olefin reactivity increases by electron donating alkyl substituents, while 
conjugated olefins show very low reactivity. Peroxyacid oxidation of 
germacranolides usually results in the formation of the corresponding epoxides. In 
the case of the germacrolides, 1,10-epoxides are formed preferentially.
As outlined in Scheme 1.7, costunolide (69) is converted to the 1,10-epoxide 
(70) using m-chloroperbenzoic acid (mCPBA)58. The cis, cis-germacranolide 
longicomin A (71) reacted with mCPBA predominantly at the more electron rich 
double bond to give the 4,5-epoxide (72)59 (Scheme 1.8). For the same reason, 
epoxidation of the 4,5-double bond in melampolides also occurs on reaction with 
peroxyacids, as in the conversion of melampodin A acetate (73) to leucanthin B 
(74)53 (Scheme 1.9).
Scheme 1.6 Mechanism of peroxyacid oxidation of alkenes
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0
mCPBA
NaOAc
O
(69) costunolide '  '
Scheme 1.7 Peroxyacid oxidation of costunolide (69)
CO,Me
OROR HQHQ OROR
mCPBA
HO— *  o"HO
(72)(71) longicomin A R =
Scheme 1.8 Peroxyacid oxidation of longicomin A (71)
OAcOAc
OR OR
mCPBA
(74)R =
(73) melampodin A acetate
Scheme 1.9 Peroxyacid oxidation of melampodin A acetate (73)
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Peroxyacid oxidations were applied toward the oxidative transformation of the 
guaianolide dehydrocostus lactone (20) and are discussed on Chapter 3.1. 
Dehydrocostus lactone (20) is one of the main constituents of costus root oil, a 
widely used perfume base extracted from the roots of the costus plant, Saussurea 
lappa (Compositae).60*80
Allylic positions of alkenes can be oxidized to generate allylic hydroperoxides, 
alcohols, and carbonyl compounds. Unsaturated hydroperoxides are formed from 
the reaction of alkenes with singlet oxygen.81 Singlet oxygen is usually generated 
by irradiation of solutions of oxygen in the presence of a photosensitizer. An ene 
reaction occurs in which an allylic proton is abstracted along with migration of the 
carbon-carbon double bond (Scheme 1.10). Further reductive modification 
provides the corresponding allylic alcohols.
ene reaction /c=c
Scheme 1.10 Mechanism of the reaction of singlet oxygen and alkenes
An example of this process (Scheme 1.11) is the biomimetic transformation of 
magnoliolide (75) from Magnolia grandiflora into the hydroperoxide (76) by 
methylene blue-sensitized photo-oxygenation, which upon reduction with 
triphenylphosphine gave artemin (77).82 Another example (Scheme 1.12) is found
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in the laboratory conversion of 1 ipH,13-dihydrocostunolide (78) into gallicin
Scheme 1.12 Conversion of l ip ,  13-dihydrocostunolide (78) into gallicin (79)
Evidence for this type of transformation is also provided by the singlet oxygen 
reactions of costunolide (69), parthenolide (14) and lip H ,1 3 -d ih y d ro - 
parthenolide (15)84 (Scheme 1.13).
The allylic oxidation reaction of dehydrocostus lactone (20) with singlet 
oxygen in the presence of methylene blue as sensitizer is discussed in Chapter 3.3.
(79).83
OH OH
O O
(75) (76) R =  OH
(77) R = H
Scheme 1.11 Conversion of magnoliolide (75) into artemin (77)
OH
O O
(78) (79)
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HOO
O
(69) costunolide
O
(14) parthenolide
'02
'Qz
CH.
O
‘Qz
(15) lipH,13-dihydroparthenolide
(80 )
HOO
(81 )
HOO
CH.
O
(82)
Scheme 1.13 Singlet oxygen reaction of costunolide (69), parthenolide (14) 
and lipH,13-dihydroparthenolide (15)
Allylic alcohols can be generated from the reaction of alkenes with Se02 via an 
ene reaction followed by a 2,3-sigmatropic rearrangement (Scheme 1.14). Umbreit
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and Sharpless85 reported that only catalytic amounts of SeC>2 are necessary when 
the reaction is carried out in the presence of tert-butylhydroperoxide (lBuOOH). 
This reduces the amount of Se02  necessary to carry out these transformations and 
eliminates complications from the production of reduced forms of toxic selenium.
ene reaction
rotation
i . sigmatropic 
rearrangement
Scheme 1.14 Mechanism of the allylic oxidation of alkenes with SeC>2
Reactions of germacrolides with SeC^ 86 and Se02 /  tBuOOH87"90 provided in 
good yields melampolides as well as cis,cis-germacranolides. This highly specific 
oxidative transformation provided insight into the possible biosynthetic pathway of 
C-14 hydroxylated melampolides and their derivatives, a commonly found feature 
in melampolides and cis, cis-germacranolides.91 Haruna and Ito87 have applied the 
S e0 2 /  lBuOOH reaction to sesquiterpene lactones, proposing a mechanism that 
accounts for its high specificity (Scheme 1.15).
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H O 'V  sigmatropic
^  rearrangemei
O -C B u
OH
\  .O H
HO'
*H
rotation
0 - 0*611
H O ' % ,
Scheme 1.15 Mechanism of allylic oxidation with SeOj / ‘BuOOH
As shown in Scheme 1.16, the germacrolide epitulipinolide (83) was 
transformed into melampolides (84) and (85). In a similar fashion the 
melampolide (86) was converted into the cis.cis-germacranolide (87) (Scheme 
1.17).87 The use of Se02 in a solid matrix (on Silica gel) with ‘BuOOH has been 
reported to selectively oxidize allylic methyl groups,90 and was successfully applied 
in the transformation of 6-epi-laurenobiolide (88) into melampolide (89) and 
heliangolide (90)42 (Scheme 1.18).
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R
.OAc
(83)
(84) R = CH2OH (90%)
(85) R = CHO (5%)
Scheme 1.16 Biomimetic transformation of a germacrolide (83) 
into melampolides (84) and (85)
OAc
OAc
OAc jOAc
*BuOOH
HO
(86) (87)
Scheme 1.17 Conversion of melampolide (86) into 
cis.cis-germacranolide (87)
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OAc
(89)
OAc
(88) 6-epi-laurenobiolide
CHoOH OAc
(90)
Scheme 1.18 Allylic oxidation of 6-epi-laurenobiolide (88)
The application of the Se02 /  lBuOOH methodology towards the oxidative 
modification of the guaianolide dehydrocostus lactone (20) is outlined in Chapter 
3.2.
The isolation of natural products from a number of Asteraceae (Compositae) 
plant species is showing renewed interest lately because of the continued discovery 
of biologically active compounds and an increased demand for more natural, non- 
classical medicinal therapies. Sesquiterpene lactones have been successfully used 
as taxonomic markers in biochemical systematics studies of the plant family 
Asteraceae (Compositae). In Chapter 2 of this dissertation, the structure elucidation 
of secondary metabolites from four plant species of the plant family Asteraceae 
(Compositae) is described. 2.1 involves the isolation and oxidative modification of
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melampolides from a mountain collection of Melampodium leucanthum91-96. In 
continuation of studies on the isolation of biologically active secondary metabolites, 
an extract of Podachaenium mf/ie/w29^ 4’42’44'97-100 was examined and the 
results are discussed in 2.2. The isolation of sesquiterpene lactones from 
Pappobolus nigrescens101-1°8 js described in 2.3. In continuation of biochemical 
systematic studies on Rudbeckia  species109-121, a collection of Rudbeckia  
missouriensis was chemically studied and the results are discussed in 2 .4.
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ISOLATION OF 
SESQUITERPENE LACTONES
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2.1.
Isolation
of
Melampolides
from
Melampodium leucanthum
In troduction
In a biochemical systematic study of the genus Melampodium, the isolation and 
structural elucidation of melampolide-type sesquiterpene lactones and biogenetically 
related dilactones have been previously reported91. Anti-cancer activity of 
melampolides has been confirmed by an assay of the in vivo inhibitory activity 
against lymphocytic leukemia P-388 (PS).92 Melampodin A acetate (73) exhibited 
an optimum % T/C 133 at 6 mg/kg. Quijano et a l93 reported finding, besides 
melampolide-type sesquiterpene lactones and dilactones, novel diterpene lactones 
from central Texas populations of Melampodium leucanthum. Here the isolation 
of four sesquiterpene lactones from the aerial parts of a mountain collection of M.
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leucanthum from Colorado is described Besides the known melampodin A acetate
(7 3 )53, leucanthin B (74)53 and leucanthinin (89 )94, the new lactone 
leucanthinin-4-epoxide (90) was obtained (Figure 2.1.1). Its structure was 
determined by chemical correlation with leucanthinin (89) as well as spectral 
methods.
14
CO,M e
.OAc
OR
14
13
OAc
OR
13
(73) melampodin A acetate (74) leucanthin B
OAc OAc
OR
OR
13 HO 13
(89) leucanthinin
(90) leucanthinin-4-epoxide
R = ^
Figure 2.1.1. Melampolides from Melampodium leucanthum
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Results and  Discussion
The crude terpenoid extract showed *H NMR signals indicative of sesquiterpene 
a-methylene-y-lactones and chromatographic fractions of intermediate polarity 
afforded colorless solids. The *H NMR spectrum of fractions 13-18 (Figure 2.1.2) 
indicated a mixture (~1:1) of two melampolide-type lactones evidenced by sets of 
H-13 doublets at 8 6.26, 6.32, and S.74 and S.84. Singlets at S 2.00 and 2.05 
were assigned to acetate groups and two singlets at S 3.83 and 3.86 to 
carbomethoxy groups. An epoxyangelate ester substituent was evident from two 
quartets at 8  3.05 and 3.03 coupled to two three-proton doublets at S 1.20 and 
1.18, and two three-proton singlets at 8 1.49 and 1.46. 13C NMR data (Figure 
2.1.3) also confirmed the epoxyangelate side chain.95 Furthermore, doublet of 
doublets at 8  7.01 and 7.19 (H-l) and doublets at 6.69,6.78 (H-8), 5.38 and 5.84 
(H-9) accompanied by signals between 8 3.75-3.65 (H-2,3) corresponded to 
protons typical for melampodin type lactones.53 As evidenced from the !H NMR 
spectrum (Figure 2.1.2), a doublet at 8 5.32 (H-5) and a methyl group at 8  2.17 
(H -l5) in (73) showed at 8 2.97 and 1.85 in (74), suggesting that the C-4 double 
bond in (73) was changed to an epoxide function in (74). Therefore, the 
compounds were identified as melampodin A acetate (73) and leucanthin B (74)53 
(Table 2.1.1).
The JH NMR spectrum of fractions 20-21 (Figure 2.1.4) indicated a mixture of 
two closely related melampolide-type lactones evidenced by sets of H-13 doublets 
at 8  6.28, 6.33, and 5.76 and 5.85. Singlets at 8 2.00 and 2.04 were assigned to 
two acetates and two three-proton singlets at 8  3.80 and 3.81 to carbomethoxy 
groups. Furthermore, doublet of doublets at 8 7.06 and 7.23 (H-l) and doublets at 
8 6.70, 6.73 (H-8), 5.32 and 5.81 (H-9) and 4.58 and 4.19 (H-3) corresponded to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.1.3. 100 MHz DEPT 90,135 and BB NMR spectra of crystalline 
mixture of melampodin A acetate (73) and leucanthin B (74)
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Table 2.1.1. *H NMR spectral data of compounds 73 and 74 
(400 MHz, CDC13, TMS as int. standard)*
H 73 74
1 7.01 d (2.2) 7.19 d (3.0)
2,3 3.65-3.75 m 3.65 m
5 5.32 d (10.0) 2.97 d (10.0)
6 5.23 dd (10.0,10.0) 4.29 dd (10.0, 10.0)
7 2.70 m 2.90 m
8 6.69 dd (9.2, 1.0) 6.78 d (9.6)
9 5.38 d (9.0) 5.74 d (9.4)
13a 5.74 d (3.2) 5.84 d (3.0)
13b 6.26 d (3.3) 6.32 d (3.4)
15 2.17 s 1.85 s
3' 3.05 m 3.03 m
Me-2' 1.49 s 1.46 s
Me-3’ 1.20 d (5.4) 1.18 d (5.3)
-C02Me 3.83 s 3.86 s
-OAc 2.00  s 2.05 s
‘ Coupling constants (J) or line separations in Hz are given in parenthesis.
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protons typical for leucanthinin type lactones94. Epoxyangelate substituents were 
present as indicated by diagnostic !H and 13C NMR signals53,95. From the 2D *H 
NMR COSY spectrum (Figure 2.1.5), the signals could be separated into two sets. 
For instance, the signal at 8 7.06 (H-l) coupled to signals at 2.80 and 2.70 (H-2) 
for (89), while the signal at 8 7.23 (H-l) coupled to signals at 3.10 and 2.84 (H-2) 
for (90). Similarly, the doublet of a doublet at 8 5.23 (H-6) coupled to the signal 
at 8 2.80 (H-7) and the one at 8 5.53 (H-5) in (89), while the doublet of a doublet 
at 8 4.38 (H-l) coupled to the signal at 8 3.01 (H-7) and the doublet at 8 3.17 (H- 
5) in (90). One set of signals corresponded to the values previously reported94 for 
leucanthinin (89) (Table 2.1.2). The other component differed from (89) by an 
upfield shift of H-5 from 8 5.53 in (89) to 3.17 in (90) and the signal for the C-4 
methyl (H -l5) was shifted from 8 1.97 to 1.71, respectively. These values 
strongly suggested that the C-4 double bond in (89) was changed to an epoxide 
function in (90). From multipulse DEPT experiments (Figure 2.1.6), besides two 
sets of signals for carbomethoxy, acetate and epoxyangelate substituents, signals 
typical for two closely related melampolide-type lactones were evident The main 
difference consisted on the absence of the olefinic signals for C-4 and C-5 in (89), 
which were replaced by two signals for carbons on an epoxide group.
The presence of a C-4 epoxide group in (90) was confirmed by epoxidation of 
a mixture of (89) and (90)53, following the progress of the reaction by *H NMR. 
The disappearance of the doublet at 8 5.53 (H-5) in favor of the doublet at 8 3.17 
was complete after 28 hours, after which only signals for lactone (90) remained 
(Figure 2.1.7). Based on previous stereospecific transformations of melampolides 
to their 4-epoxides53, the new compound must represent the melampolide 
leucanthinin-4-epoxide (90). These assignments were supported by 2D *H NMR 
COSY and heteronuclear JH-13C correlation experiments. From the 2D *H NMR
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Figure 2.1.5. 2D !H NMR COSY correlation of crystalline mixture of
leucanthinin (89) and leucanthinin-4-epoxide (90)
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Table 2.1.2. JH NMR spectral data of compounds 89 and 90 
(400 MHz, CDC13, TMS as int. standard)*
H 89 90
1 7.06 dd (8.0, 9.7) 7.23 dd (7.5, 10.0)
2a 2.80 m 3.10 dd (10.4, 13.3)
2b 2.70 m 2.84 ddd (6.7, 7.0, 1
3 4.58 d (5.0) 4.19 d (6.0)
5 5.53 d (10.6) 3.17 d (10.0)
6 5.23 dd (10.2, 10.2) 4.38 dd (10.0, 10.0)
7 2.80 m 3.01 m
8 6.70 d (8.5) 6.73 d (8.5)
9 5.32 d (8.3) 5.81 d (8.5)
13a 5.76 d (3.0) 5.85 d (3.0)
13b 6.28 d (3.4) 6.33 d (3.3)
15 1.97 s 1.71 s
3’ 3.00 m 3.02 m
Me-2' 1.47 s 1.44 s
Me-3' 1.19 d (5.3) 1.16 d (5.3)
-CO,Me 3.80 s 3.81 s
-OAc 2.00 s 2.04 s
-OH 2.33 s, br ' 2.28 s, br
‘ Coupling constants (J) or line separations in Hz are given in parenthesis.
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Figure 2.1.6.100 MHz DEPT 90,135 and BB 13C NMR spectra of crystalline 
mixture of leucanthinin (89) and leucanthinin-4-epoxide (90)
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COSY spectrum (Figure 2.1.8) the coupling of the signals was clearly seen. For 
instance, the signal at 8 7.23 (H-l) coupled to signals at 8 3.10 (H-2a) and 2.84 
(H-2p). The signal at 8 4.38 (H -6) coupled to signals at 8 3.17 (H-5) and at 3.01 
(H-7). The allylic coupling of H-7 (8 3.01) to H-13a (5 5.85) and H-13b (8 6.33) 
was also evident As indicated by DEPT experiments (Figure 2.1.9), compound
(90) contained 4 (C=0), 1 (=CH2), 1 (=CH), 2 (C=), 6 (CH-O), 1 (OCH3), 1 
(CH), 1 (CH2), 4 (CH3) and 2 (C). From the heteronuclear correlation
spectrum (Figure 2.1.10), it was possible to assign the 13C NMR signals 
unambiguously (Table 2.1.3). For instance, the signal at 8 4.19 for H-3 was 
coupled to the signal at 8 69.8 assigned to C-3, while the signal at 8 3.17 for H-5 
was coupled to the signal at 8 57.5 for C-5. In the same way, the signal at 8  6.73 
for H-8 was coupled to the signal at 8 71.2 assigned to C-8.
The stereochemistry of the epoxide ring is in agreement with an attack from the 
less hindered outer face of the conformationally fixed C-4 double bond in (89)53. 
The relative stereochemistry at the carbon centers C-4 to C-9 of lactone (90) is 
based on the comparison of the coupling constants for H-4 to H-9 of leucanthin B
(74), which are in good agreement. The observed large coupling constants of 
about 10.0 Hz between the protons at C-5 and C-6 indicate an anti-periplanar 
arrangement of these hydrogens. This requires an a-orientation of H-5 since H-6 
is P-oriented. The configuration of the C-3a hydroxyl group was assigned by the 
coupling constants obtained for H-l to H-3. The a  configuration for the hydroxyl 
group, was further confirmed by a trichloroacetyl isocyanate (TAI) -induced *H 
NMR shift experiment96 (Figure 2.1.11), which produced downfield shifts for H-3 
from 8 4.19 to 5.40, for H-2a from 8 3.10 to 3.38 and for H-2P from 8 2.84 to 
2.88. Small upfield shifts for H-l from 8  7.23 to 7.12 and for H-5 from 8 3.15 to 
3.10, could be due to a slight change in the conformation o f the trichloroacetyl
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Figure 2.1.8. 400 MHz 2D *H NMR COSY spectrum of 
leucanthinin-4-epoxide (90)
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Table 2.1.3. 13 C NMR spectral data of compounds 89 and 90 
(100 MHz, CDClj, TMS as in t standard)*
C 89 90
1 145.7 d 147.7 d
2 3 2 .l t 29.9 t
3 73.8 d 69.8 d
4 141.1 s 61.4 s
5 123.2 d 57.5 d
6 74.9 d 75.3 d
7 50.7 d 45.6 d
8 71.2 d 71.2 d
9 70.9 d 70.6 d
10 134.3 s 133.1 s
11 131.4 s 130.6 s
12 170.2 s 170.5 s
13 121.61 123.01
14 165.6 s 165.4 s
15 15.8 q 16.0 q
-C02Me 52.2 q 52.5 q
-OCOMe 20.7 q 20.8 q
-OCOMe 168.4 s 168.0 s
1’ 169.0 s 168.4 s
2 ’ 59.3 s 59.3 s
3' 59.8 d 59.8 d
Me-2' 19.1 q 19.1 q
Me-3' 13.6 q 13.6 q
*Peak in multiplicities were determined by DEPT experiments
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carbamate (TAC) derivative, or that these protons are now on the shielding side of 
the carbonyl group. This experiment also helped to the unambiguous assignment of 
H-2a, H-2P and H-3|3. The positive CD band at 246nm (Figure 2.1.12) is typical 
for melampolides and is due to the n--n*- transition of the a,P-unsaturated methyl 
ester.92 The IR spectrum (Figure 2.1.12) shows bands for the y-lactone and ester 
groups typical for this type of compounds.The mass spectral data also confirms the 
structure of (90), showing all the typical fragmentations for this type of 
compound. The base peak at m/z 364 (M-C5H80 3) and peaks at mlz 99 (C5H70 2) 
and mlz 71 (C4H70 ) suggested an epoxyangeloyl side chain in (90). Peaks at 
mlz 420 (M-C2H40 2) and at m/z 43 (CjHgO) indicated the presence of an acetate 
substituent. Peaks at m/z 421 (M-C2H30 2) and m/z 305 (M-C5H80 3-C2H30 2) 
were assigned to loss of a carbomethoxy group.
Experim ental
Plant material. Aerial parts of Melampodium leucanthum Torr. and Gray were 
collected on May 22,1985 in Pueblo County, Colorado; Pueblo Reservoir, Boggs 
Flat, public use area on the south side of the reservoir at an elevation of about 1450 
m. Vouchers are deposited at the Herbarium of Colorado State University (CSU 
53104 and CSU 53239).
Extraction and purification. Dried ground leaves (340 g) were extracted with 
CH2C12 and worked up as described before53, obtaining 15 g of terpenoid extract 
Part of this extract (7 g) was fractionated by column chromatography on silica gel, 
eluting with CH2C12 and mixtures of CH2C12 with increasing amounts of M e^O . 
Fractions 13-18 provided after further purification 500 mg of a crystalline lactone
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Figure 2.1.12. CD and IR spectra of leucanthinin-4-epoxide (90)
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mixture (Rf = 0.80 in CH.,Cl2-Me2CO, 4:1 ). Spectral data and 13C NMR) 
established their identity as melampodin A acetate (73) and leucanthin B (74). 
Fractions 20-21 provided after further purification 150 mg of a lactonic mixture (Rf 
= 0.65 in CH2Cl2-Me2CO, 4:1 ). and 13C NMR spectral data indicated a 1:1 
mixture of leucanthinin (89) and leucanthinin-4-epoxide (90).
Epoxidation reaction. A solution of 100 mg of a 1:1 mixture of (89) and (90) 
in 2 ml of CDC13 and 100 mg of mCPBA (85%) was reacted at ambient 
temperature, the reaction being followed by NMR. After completion of the 
reaction (28 hr), the usual work-up53 and purification procedures were applied to 
give 60 mg of lactone (90).
Leucanthinin-4-epoxide (90). C23H2gO n ; mp 155-160° (dec); CD (c 2.5 x 
10-3, MeOH) [0]215= -74 x 103, [0]246= 5.72 x 103; IR KBr v max cm '1: 
3536, 3484, 1775, 1744, 1721, 1692, 1264, 1142, 1005; lH and 13C NMR: see 
Table 2.1.1 and 2.1.2, respectively; EIMS m/z (rel. int.): 480 [M]+(0.4), 421 
[M-C2H30 2]+ (10), 420 [M-C2H40 2]+ (41), 364 [M-C5H80 3]+ (100), 305 [M- 
C5H g0 3-C2H30 2]+ (36), 304 [M-C5H80 3-C2H40 2]+ (14), 245 [M-C5Hg0 3- 
C2H40 2-C2H30 2]+ (15), 116 [C5H80 3]+ (4), 99 [C5H70 2]+ , 71 [C4H70 ]+(13), 
43 [C2H30 ]+ (75).
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2.2.
Isolation
of
Sesquiterpene Lactones 
from
Podachaenium eminens
In troduction
A sample of Podachaenium eminens (Compositae, tribe Heliantheae, subtribe 
Verbesinae) collected in Guatemala was chemically studied by Bohlmann and 
LeVan43, and besides known acetylenes and hydrocarbons, seven guaianolides
(20), (21), (28)-(32) were isolated (Figure 2.2.1). Vargas34 iso la te d  
compounds (21), (28) and (31) from a mexican collection of Podachaenium  
eminens. The terpenoid extract exhibited molluscicidal activity against the snails of 
Biomphalaria glabrata, an intermediate host of schistosomiasis.29 Compound
(21) had the highest level of molluscicidal activity.34 Vargas also showed that 7a- 
hydroxydehydrocostus lactone (21) is twenty five times more inhibitory towards
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phosphofructokinase (PFK) than is dehydrocostus lactone (20). Apparently the 
hydroxyl group enhances the inhibition of PFK by binding to the active site of the 
enzyme.
In an effort to obtain more 7a-hydroxydehydrocostus lactone (21), a new 
sample of extract from a mexican collection of Podachaenium eminens was 
studied.
14 14
13
(20) R1 = H R2 = H
(21) R1 = OH R2 = H
(28) R1 = H R2 = OAc
(29) R1 = H R2 = OH
(30) R = H
(31) R =  OH
HI OH 13
(32 ) (91)
Figure 2.2.1 Sesquiterpene lactones from Podachaenium eminens
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Results and  Discussion
The crude terpenoid extract showed 1H NMR signals corresponding to a- 
methylene sesquiterpene lactones and was similar to the one obtained by Vargas.34 
After several chromatographic separations three fractions enriched in compounds
(21), (31) and (91) were obtained. HPLC semi preparative separation of an 
enriched fraction provided purified samples of compound (21) and compound 
(91).
The *H NMR spectrum of compound (21) (Figure 2.2.2) showed singlets at 5 
6.29 and 5.81 typical for the exocyclic a-methylene of the y-lactone. The presence 
of two additional exocyclic methylenes was suggested by two sharp doublets at 5 
5.23 and 5.06 (H-15) and two singlets at 8 4.93 and 4.81 (H-14). The presence of 
the signal at 8 4.05 (H-6) as a doublet, indicated the absence of a proton at C-7. 
The13 C NMR spectrum of compound (21) (Figure 2.2.3) showed signals for the 
a-methylene y-lactone group at 8 122.5 (C-13), 151.9 (C -ll) and 169.8 (C-12). 
Signals for two exocyclic methylenes appeared at 8 111.8 (C-14) and 109.0 (C- 
15). Besides the typical signal for C-6 of the y-lactone at 8  87.5, there was an 
additional signal at 8 75.8 corresponding to a carbon bearing an oxygen function, 
assigned to C-7. The 2D NMR COSY spectrum of compound (21) (Figure 
2.2.4) permitted the assignment of the proton signals (Table 2.2.1) by showing the 
couplings between the proton signals. For instance, the signals for the mutually 
coupled H-15a,b at 8 5.23 and 5.06 also coupled to the signals at 8 3.10 (H-5) and 
2.51 (H-3). The signal at 8 4.93 (H-14a) coupled to the signal at 8  2.42 (H-9), 
while the signal at 8 4.95 (H-14b) coupled to the signal at 8 3.13 (H -l). Also 
evident was the coupling between the signal at 8  4.05 (H-6) with the signal at 8 
3.10 (H-5). Heteronuclear I3C-*H correlation experiments (Figure 2.2.5) permitted
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14
Figure 2.2.4. 2D *H NMR COSY spectrum of 7a-hydroxy- 
dehydrocostus lactone (21)
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Table 2.2.1. ^  NMR spectral data of compounds 21,31 and 91 
(CDC13, TMS as int. standard)*
H 21 31 91
1 3.13m 2.99m 3.53dd
2 1.93m 2.04m 1.84, 1.58m
3 2.51m 2.59m 2.35, 2.09
5 3.10m 2.94m 2.19d (11)
6 4.05d (9.4) 4.69d 4.03dd (11)
7 - - 2.47ddd (3,11,11)
8 2.28, 1.57 2.24, 1.85 1.5m, 2.09m
9 2.42m 2.52m 1.36m, 1.50m
13a 5.81s 4.38s 5.42d (3.0)
13b 6.29s 4.38s 6.09d (3.4)
14 4.93s, 4.81s 4.98s, 4.95s 0.82s
15a 5.23d (1.8) 5.18 brs 4.99s
15b 5.06d (1.5) 5.13 brs 4.87d (1.1)
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the assignment of the carbon signals (Table 2.2.2). The signal at 8 122.5 (C-13) 
correlated to the signals at 5 6.29 and 5.81 (H-13), while the signals at 8 111.8 (C- 
14) and 109.0 (C-15) correlated to the signals at 8 4.93, 4.81 (H-14) and 5.23,
5.06 (H-15), respectively. Therefore, compound (21) was identified as 7a- 
hydroxydehydrocostus lactone (21) and was confirmed by direct comparison with 
an authentic sample, and by comparison to the spectroscopic values reported.29,47
The *H NMR spectrum of compound (31) (Figure 2.2.6) showed the 
characteristic singlets for two exocyclic methylene groups at 8 5.18, 5.13 (H-15) 
and 4.98, 4.95 (H-14) in a guaianolide skeleton.8 The presence of a singlet at 8 
4.38, corresponding to two protons adjacent to an oxygen, along with the absence 
of the typical signals for the exocyclic a-methylene group in a y-lactone, suggested 
an unsaturation on the C7-C11 bond. This fact was supported by the downfield 
shift of the signal for H-6 at 8 4.69 due to its allylic position and by its appearance 
as a doublet, indicating the absence of a proton at C-7. The 13C NMR spectrum of 
compound (31) (Figure 2.2.7) presented typical signals for a guaianolide skeleton 
with signals for a y-lactone at 8 81.2 (C-6) and 165.4 (C-12) along with two 
signals for exocyclic methylene groups at 8 113.4 (C-14) and 112.5 (C-15) and 
signals at 5 30.7, 30.4, 29.5 and 28.8 for CH2 groups at C-3, C-9, C-2 and C-8, 
respectively. Besides the signals at 8  48.7 and 51.1 for CH groups at C-l and C-5, 
the signal for C -l3 appeared shifted at 8  55.0, confirming an unsaturation between 
C7-C11. The spectroscopical data suggested the structure (31), which was 
confirmed by comparison with the reported values.34,43,43
The *H NMR spectrum of compound (91) (Figure 2.2.8) showed two sharp 
doublets at 8 6.09 and 5.42 (H-13), typical of the exocyclic a-methylene y-lactone 
group, along with a triplet at 8 4.03 (H-6). The presence of sharp signals for an 
additional exocyclic methylene at 8 4.87 and 4.99 (H-15) and a sharp singlet for a 
methyl group at 8 0.82 (H-14) suggested an eudesmanolide skeleton.8 The 13C
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Table 2.22. 13 C NMR spectral data of compounds 21,31 and 91 
(CDC13, TMS as int. standard)*
C 21 31 91
1 46.3 d 48.7 d 78.3 d
2 30 .11 29.5 t 35.7 t
3 32.9 t 30.7 t 33.5 t
4 150.3 s 149.0 s 142.4 s
5 46.0 d 51.1 d 53.0 d
6 87.5 d 81.2 d 79.5 d
7 75.8s 148.8 s 49.6 d
8 36.3 t 28.8 t 21 .51
9 34.0 t 30.41 31.3 t
10 143.0 s 148.8 s 43.0 s
11 151.9 s 125.3 s 157.7 s
12 169.8 s 165.4 s 170.0 s*
13 122.5 t 55.0 t 117.01
14 111.81 113.41 11.6 q
15 109.01 112.5 t 110.7 t
tiit.98
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NMR spectrum of compound (91) (Figure 2.2.9) presented the typical signals for 
the a-methylene y-lactone at 8  117.0 (C-13) and 157.7 (C -ll). An additional 
unsaturation was evidenced by signals at 8 110.7 (C-15) and 142.4 (C-4). The 
signal at 5 11.6 was characteristic for the angular methyl of a eudesmanolide 
skeleton. The 2D NMR COSY spectrum of compound (91) (Figure 2.2.10) 
showed the couplings of the proton signals, permitting the complete assignment of 
the signals (Table 2.2.1). The allylic coupling of the signal at 8  2.47 (H-7) to the 
mutually coupled H-13a,b at 8  5.42 and 6.09, respectively, was clearly observed. 
Similarly, the signal at 8 4.03 (H-6) was coupled to the signals at 8  2.47 (H-7) and 
2.19 (H-5). Based on these data, compound (91) was identified as the 
eudesmanolide reynosin (91).97'100 The MS spectra of compound (91) (Figure 
2.2.11) showed a molecular ion at m/z 248, which was in agreement with the 
formula C ^H ^O j for the proposed structure (91). The base peak at m/z 230 (M+ 
-18) was characteristic of die presence of a hydroxyl group. The peak at mlz 215 
(M+ -18 -15) was consistent with the loss of the angular methyl group.
Experim ental
P lan t m aterial. A DCM extract of Podachaenium eminens (absorbed in 
diatomeaous earth) collected in Chiapas, Mexico by Dr. Alfredo Ortega, Institute) de 
Quimica, UNAM, Mexico City.
Extraction and purification.
A sample of the extract material (lOOg) was extracted first with CH2CI2 (1-5L), 
then Me2CO (0.5L) and finally with EtOH (1.2L). After concentration and 
evaporation of the solvent, 44 g o f the crude extract were obtained. After treating
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Figure 2.2.10. 2D *H NMR COSY spectrum of reynosin (91)
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the extract with lead acetate, 7 g of terpenoid extract were obtained. The NMR 
spectrum showed signals for a-methylene-y-lactones. A crude VLC126>127 
separation was done using gradient elution with mixtures of CH2C12, MejCO and 
EtOH. Thirtyeight fractions were collected, analyzed by TLC and combined 
accordingly. The combined fraction A (fractions 1-10) (2.3g) showed presence of 
7a-hydroxydehydrocostus lactone (21), as compared with an authentic sample.34 
A column chromatography separation of fraction A was done using gradient elution 
with mixtures of hexane and CH2C12. Twentytwo fractions were obtained, 
analyzed by TLC and combined accordingly. The *H NMR spectrum of fractions 
9-15A showed signals for 7a-hydroxydehydrocostus lactone (21). An attempt to 
purify it by another column chromatography gradiently eluting with hexane, 
CH2C12 and Me2CO, produced an enriched fraction of compound (21) followed by 
a fraction enriched in compound (31) (Rf = 0.49 in CH2Cl2-acetone, 4:1). A 
preparative TLC purification was done on compound (21) on Si-gel, developing 
three times with CH2Cl2-Me2CO, 6:1. Three fractions were separated and analyzed 
by TLC and *H NMR. Fractions I and II contained compound (21) (Rf = 0.67 in 
CH2Cl2-Me2CO, 4:1), and fraction in  contained enriched compound (91) (Rf = 
0.59 in CH2Cl2-Me2CO, 4:1). A semi-preparative HPLC separation was then done 
on fraction n . After developing a good separation method, two fractions containing 
purified compounds (21) and (91) were obtained. *H NMR and 13C NMR 
analysis identified the compounds as 7a-hydroxydehydrocostus lactone (21), 13- 
hydroxy-11,13-dihydro-7,11-dehydro-3-desoxy-zaluzanin C (31) and reynosin
(91). HPLC data: column : C-18 SP ; solvent :60% MeOH; flow : 2 mlVmin.; 
volume injected IOxIOOhL of enriched fraction C in MeOH; compound (21) Rt =
29.6 min; compound (91) Rt = 13.5.
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7a-H ydroxydehydrocostus lactone (21). C15H180 3; JH and 13C NMR: see 
Tables 2.2.1 and 2.2.2.
1 3 -H y d ro x y - l l ,1 3 -d ih y d ro -7 ,l l -d e h y d ro -3 -d e s o x y -z a lu z a n in  c  
(31). C15H180 3; and 13C NMR: see Tables 2.2.1 and 2.2.2.
Reynosin (91). *H and 13C NMR: see Tables 2.2.1 and 2.2.2.; GC-
MS m/z: 248 [M+], 230 [M+- H20], 215 [M+- H20  - CH3], 201, 189, 175, 163, 
149.
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2.3.
Isolation
of
Sesquiterpene Lactones 
from
Pappobolus nigrescens
In troduction
Based on the shrubby habitat and certain distinctive floral microcharacters,101 
the genus Helianthopsis (Compositae, tribe Heliantheae, subtribe Helianthinae) has 
been segregated from the North American genus Helianthus to contain the group of 
the Andean Heliantheae, but has maintained the traditional separation from the 
closely related genus Vigueira. The older name, Pappobolus is congeneric and 
has taxonomic preference.102 Pappobolus (Helianthopsis) lehmannii (Hieron) H. 
Robins, has been studied chemically, and the furanoheliangolide (92) (Figure 
2.3.1) was isolated.10^
Three other species from Peru were studied by Bohlmann et a / .104 The aerial 
parts of P appobolus (H elianthopsis) b ishopii H. Robins, gave the 
furanoheliangolides (92) and (99). From aerial parts of P a p p o b o lu s  
(Helianthopsis) microphylla (HBK) H. Robins, the furanoheliangolides (94) and
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(98) were isolated, while Pappobolus (Helianthopsis) utcubambensis H. Robins, 
afforded the furanoheliangolides (92), (94), (98) and (100).
Using a recently developed microsampling technique, Spring et a / .105 
investigated the occurrence of sesquiterpene lactones in glandular trichomes in 
leaves of herbarium specimens of the genus Pappobolus (Helianthopsis) stuebelli, 
Pappobolus (Helianthopsis) sagasteguii and Pappobolus (Viguiera) acutifolius. 
Twenty four sesquiterpene lactones were identified, among which thirteen were of 
the furanoheliangolide type. P. stuebelli provided the furanoheliangolides (92), 
(93), (95), (97), (99) and (107). From P. sagasteguii the furanoheliangolides 
(92), (94-96) and (98-106) w ere iso la ted . P. acutifolius provided the 
furanoheliangolides (92-95), (98-101), (105) and (107).
Spring et a / .106 have recently presented the first comprehensive 
chemotaxonomic study of the distribution and characterization of secondary 
compounds present in capitate glandular trichomes of Pappobolus. Compound 
patterns for 41 taxa in 33 species of Pappobolus were produced as a result of 
trichome microsampling and HPLC analysis. Among the constituents of glandular 
trichomes, sesquiterpene lactones were the most abundant, predominantly of the 
furanoheliangolide type. More than half of the species of Pappobolus exhibited at 
least traces of trans-fused xanthanolides, as well as benzofurans (acetophenones). 
Comparisons of compound patterns between species of Pappobolus, revealed a 
remarkably high degree of chemical homogeneity in the genus. The entire genus is 
characterized by furanoheliangolide compounds of type (92) with several side 
chains, among which 2-methylbutyrate is the most prominent The proposed close 
relationship of Pappobolus (Helianthopsis) to some species of Viguiera is also 
supported by the chemistry, namely the co-occurrence of furanoheliangolides.
i!I
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OBu
OH
R1 R2 R1 R2
(92) H 2-Mebu (97) OH iVal
(93) H Tig (98) OH iBu
(94) OH 2-Mebu (99) H Ang
(95) OH Ang (100) H iBu
(96) OH Tig
(101)
HO
0
HO
0
R 1 R2 R3 R1 R2 R3
(102) OH OH iBu (105) H OH Ang
(103) OH OH 2-Mebu (106) H OH 2-Mebu
(104) H OH iBu (107) OH H Ang
Figure 2.3.1 Furanoheliangolides from Pappobolus
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Results and Discussion
The crude terpenoid extract of P. nigrescens showed *H NMR signals 
indicative of a-methylene sesquiterpene lactones. After extraction of the fatty acids 
and a VLC separation, the NMR spectra of fractions 7-11 and 12 showed typical 
signals for a-methylene sesquiterpene lactones. After further separation, three 
fractions containing purified compounds could be obtained.
The ^  NMR spectrum of compound (92) (Figure 2.3.2) showed a set of 
doublets at S 6.35 and 5.67 for the lactone exocyclic methylene. A sharp singlet at 
5 5.60 suggested an isolated olefinic proton, while a signal at 8 5.93 indicated 
another olefinic proton. Two other signals at 8  5.31 and 5.23 were associated with 
protons adjacent to oxygens of ester groups. One sharp singlet at 8 1.50 
corresponded to a methyl group, while another signal at 8 2.08 was typical for a 
methyl group adjacent to an unsaturation. Two additional methyl absorptions, one 
triplet at 8 0.83 (H-19) and a doublet at 8 1.05 (H-20), along with signals at 8 2.30 
(H-17), 1.60 and 1.40 (H-18), were diagnostic for a 2-methylbutyrate 
substituent95 The 13 C NMR spectrum of compound (92) and multipulse DEPT 
experiments (Figure 2.3.3) aided in the assignment of the signals of the carbon 
skeleton. The spectra showed typical signals for the exocyclic methylene group in 
the Y-lactone ring, at 8  131.8 (C -ll) , 168.7 (C-12) and 123.9 (C-13). The 
presence of a fiirane ring was evident from the 13C NMR signals at 8 205.4 for the 
carbonyl group at C -l, and at 8 102.8 and 185.0 for C-2 and C-3, respectively. 107 
The presence of a 2-methylbutyrate substituent was confirmed by signals at 8 41.0 
(C-17), 26.2 (C -l8), 11.4 (C-19) and 16.3 (C-20).95-107 Signals conesponding to 
an additional unsaturation appeared at 8138.2 (C=) and 134.1 (CH=). Compound 
(92) was thus identified as a furanoheliangolide, of the atripliciolide-type
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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skeleton.107 *H NMR multiple decoupling experiments (Figure 2.3.4) confirmed 
the connectivity of the carbon skeleton by showing the coupling of the proton 
signals. For instance, irradiation of the signal at 8  6.35 (H-13a) sharpened the 
signal at 5 5.67 (H-13b) and vice versa. Saturation of the signal at 8 5.93 (H-5) 
affected the signal at 8 5.31 (H-6) and irradiation at 8 5.23 (H-8) changed the 
signals at 8 2.44 and 2.25 (H-9). Saturation of the signal at 8  5.31 (H-6) 
sharpened the signal at 8  3.69 (H-7) and irradiation at 8 2.44 (H-9) had the same 
effects on the signal at 8 5.23 (H-8). Allylic coupling between H-15 and H-5 was 
clearly seen on irradiation of the signal at 8  2.08 (H-15). Couplings between the 
signals for the 2-methylbutyrate side chain were also evident from further 
irradiations. The structure was identified as the furanoheliangolide 2- 
methylbutyrate atripliciolide (92) and confirmed by comparison with the reported 
spectroscopical data.103
The !H NMR spectra of compound (93) (Figure 2.3.5) was very similar to the 
one for compound (92), suggesting a closely related structure. Two sharp 
doublets at 8 6.33 and 5.68 were assigned to the lactonic exocyclic methylene 
protons. A sharp singlet at 8 5.60 and a signal at 8  5.93 were typical of olefinic 
protons. The signals at 8  5.28 and 5.18 were associated with protons adjacent to a 
lactone and an ester group, respectively. One sharp singlet at 81.50 corresponded 
to a methyl group, while the signal at 8  2.08 was typical for a methyl group 
adjacent to an unsaturation. Two additional methyl groups at 8  1.78 and at 8 1.74, 
along with a signal at 8 6.78 for an olefinic proton, were diagnostic for a tiglate side 
chain.95 This was supported by 13C NMR signals at 8 133.8 (C=), 139.5 (CH=),
11.8 (CH3) and 14.5 (CH3) which were diagnostic for a tiglate side chain.95 
Further13 C NMR signals correlated to an atripliciolide derivative in which the ester 
side chain was tiglate. The 13 C NMR broad band spectrum and multipulse DEPT
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Figure 2.3.4. Multiple Decoupling NMR spectra of 
atripliciolide 2-methylbutyrate (92)
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experiments (Figure 2.3.6) aided in the final assignment Beside the typical signals 
for the exocyclic methylene of a y-lactone, signals at 8 205.4, 185.0, and 103.1 
were consistent with the presence of a furanoheliangolide.107 Signals at 8 138.9 
(C=) and at 8  134.1 (CH=) corresponded to an additional unsaturation. The 
structure was assigned as atripliciolide tiglate (93) and was confirmed by 
comparison to reported spectroscopical data.108
Compound (94) presented a !H NMR spectrum (Figure 2.3.7) very similar to 
compound (92) differring only by a downfield shift of the signal for H-15 from 8
2.08 to 4.38, indicative of the presence of an allylic alcohol. The side chain was 
identified as 2-methylbutyrate by diagnostic JH NMR signals at 8 0.84 (CH3, 
triplet), 1.06 (CH3, doublet), 1.55-1.40 (CH2) and 2.30 (CH).95 The 13C NMR 
and multipulse DEPT spectra of compound (94) (Figure 2.3.8) were very similar 
to the ones for compound (92). The main difference was the presence of a signal 
at 8 62.0 for a CH2OH group instead of the signal at 8 19.5 for the methyl at C-15. 
Decoupling experiments (Figure 2.3.9) confirmed the expected couplings between 
the proton signal . For instance, irradiation at 8 6.19 (H-5) affected the signal at 8 
5.34 (H-6). Irradiation at 8 5.34 (H-6) collapsed the signal at 8 6.19 (H-5) into a 
sharp singlet and also affected the signal at 8 3.76 (H-7). Saturation of the signal at 
8 5.22 (H-8) affected the signals at 8 3.76 (H-7) and at 8 2.45 and 2.28 (H-9). 
Irradiation at S 4.38 (H-15) sharpened the signal at 8  6.19 (H-5) and collapsed the 
signal at 8 5.34 (H-6) into a sharp triplet Saturation of the signal at 8 3.76 (H-7) 
affected the signals for H-6 , H-8 and H-13 and irradiation of the signals a 8 2.45 
(H-9) simplified the signal at 8  5.22 (H-8). The complete assignments of the ^  
and 13 C NMR signals are presented in Tables 2.3.1 and 2.3.2, respectively. All the 
spectroscopical data strongly suggested that the structure was that of 17,18- 
dihydrobudlein A (94) .107
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Table 2.3.1. !H NMR spectral data of compounds 92-94 
(CDClj, TMS as int. standard)*
H 92 93 94
2 5.60s 5.60s 5.71s
5 5.93m 5.93dd 6.19dd
6 5.31m 5.28m 5.34m
7 3.69m 3.70dd 3.76m
8 5.23m 5.18m 5.22m
9a 2.44dd 2.55dd 2.45m
9b 2.25dd 2.30dd 2.28m
13a 6.35d 6.33d 6.33d
13b 5.67d 5.68d 5.72d
14 1.50s 1.50s 1.49s
15 2.08dd 2.08dd 4.38s
17 2.30m - 2.30m
18 1.60,1.40 6.78dd 1.55-1.40m
19 0.83t 1.78d ‘ 0.84t
20 1.05d 1.74s 1.06d
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Table 23.2. 13 C NMR spectral data of compounds 92-94 
(CDC13, TMS as int. standard)*
c 92 93 94
1 205.3s 205.3s 205.4s
2 102.8d 103.1d 104.4d
3 185.0s 185.0s 182.7s
4 138.2s 138.9s 138.0s
5 134.1d 134.1d 133.7d
6 73.7d 74.6d 73.8d
7 48.6d 48.5d 48.2d
8 75.2d 75.2d 75. Id
9 41.7t 42.5t 41.7t
10 87.4s (87.5) 87.5s
11 131.8s 133.8s 135.9s
12 168.7s 166.5s 168.8s
13 123.9t 123.3t 123.8t
14 20.9q 21.3q 20 .8q
15 19.5q 19.5q 62.0t
16 175.0s (168.0) 174.9s
17 41.0d 133.8s 40.8d
18 26.2t 139.5d 26.0t
19 11.4q 11.8q 11.2q
20 16.3q 14.5q 16.1q
•Peak in multiplicities were determined by DEPT experiments
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E x p erim en ta l
Plant material. Plant material from Pappobolus nigrescens, Panero and Gomez 
#1092, was collected at Azuay, Ecuador, 17 km south of the intersection of the 
road to Loja and Giron on February 22, 1988. Vouchers are deposited at the 
University of Tennesee, Knoxville, TN.
Extraction and purification. Dried plant material (266 g) was extracted with 
2.5L of CH2C12 soaking for 3 days at ambient temperature. The extract was 
concentrated and dried on the rotary evaporator, obtaining 9.22 g of extract. The 
extract was fractionated by VLC126’127 on silica gel, eluting gradiently with 
hexane, CH2C1, and EtOAc. Fraction 7-11 was treated with hot acetone to extract 
the fatty acids, and the remaining 1.74g were then separated by VLC. The 
chlorophyll in the late fractions was separated by elution through a Sephadex 
column, using MeOH:CHCl3 (1:1) as solvent. After further purification, the 
atripliciolide derivatives (92) ^  and (93) 108 could be isolated. The structures 
were determined by analysis of spectroscopical data. Fraction 12 was treated in a 
similar fashion, and after the extraction of the fatty acids, the remaining 1178 mg 
was further separated by VLC. The fractions were analyzed and combined, 
providing after further purification 17,18-dihydrobudlein A (94) .107 
A triplicio lide 2-m ethylbutyrate (92). C20H 24O6; *11 and 13C NMR: see 
Tables 2.3.1 and 2.3.2.
A tripliciolide tiglate (93). C20H22O6; lH  and 13C NMR: see Tables 2.3.1 
and 2.3.2.
17,18-dihydrobudlein  A (94). C20H24O 7; and 13C NMR: see Tables 
2.3.1 and 2.3.2.
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2.4.
Isolation
of
Diterpenes
from
Rudbeckia missouriensis
In tro d u c tio n
Rudbeckia (tribe Heliantheae) is a genus of annual and perennial herbs with
approximately 20 species found mainly in the eastern United States. Chemical
analyses of members of this genus were performed on R. mollis109, R .
lac in ia ta110' 111, R. grandiflora112, R. /n'r/a113' 116, R. triloba111, and R .
fu lg ida . 118 Among the compounds isolated were flavonoids, polyacetylenes,
carotenoids, diterpenes, C18-fatty acids, eudesmane-type sesquiterpene esters and
pseudoguaianolides. Ambrosanolides from R. mollis were found to possess
antitumor activity. 109 Among the species studied in a biochemical systematic
analysis of the genus Rudbeckia were/?, grandiflora, R. subtomentosa, R .
119 120nitida var. texana, R. scabrifolia and R. maxima. ’ Besides sesquiterpene 
lactones, triterpenes, sesquiterpenes, flavonol and lignanes were isolated. Different 
skeletal types of sesquiterpene lactones were isolated, among them 
pseudoguaianolides, germacranolides, and eudesmanolides (Figure 2.4.1).
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Figure 2.4.1. Types of compounds isolated from the genus Rudbeckia
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Leaves of R. subtomentosa afforded the known pseudoguaianolides 4-0- 
desacetylligulatine C and ligulatine C (108); the flowers provided the 
germacranolide costunolide, and eudesmanolides santamarine and reynosin; the 
roots gave costunolide, 11,13-dihydrocostunolide, the eudesmanolides gazaniolide, 
isogazaniolide (109) and the germacrolide tamaulipin A angelate (110). R. nitida 
var. texana, R. scabrifolia and R. maxima gave the lignanes (+)-pinoresinol 
dimethyl ether and yangambin. The germacrolide tamaulipin A angelate (110) was 
the major constituent of root extracts of R. grandiflora. The isolation of 
sesquiterpene lactones and other constituents of a collection of R. mollis was 
reported. 121 Aerial parts of R. mollis gave besides a flavonol glycoside, five 
known and four new pseudoguaianolides (111). Roots provided besides 
acetylenes and sesquiterpenes, two eudesmanolides of the skeletal type (112). An 
interesting fact to mention is the compartmentation pattern of the sesquiterpene 
lactones found in R. grandiflora and R. subtomentosa , 1 2 0  In both species, 
germacrolides were the main root constituents, while leaves contained only 
pseudoguaianolides. Floral parts of R. subtomentosa provided costunolide and 
eudesmanolides, while flowers of R. grandiflora contained eudesmane esters 
(113). The ecological significance of this distribution pattern is not yet known.
The chemical study of a Louisiana collection of Rudbeckia missouriensis, 
commonly known as brown-eyed Susan, is described here. No evidence of 
sesquiterpene lactones on aerial parts of R. missouriensis was found. The 
diterpene acid (-)-kaur-16-en-19-oic acid (114) and the corresponding aldehyde 
(115) were obtained. The structures were determined by spectral methods and by 
comparison with reported data for the diterpenes (114) and (115) and related 
compounds.
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Results and Discussion
The *H NMR spectra of the crude hexane and CHjC^ extracts of aerial parts of 
R. missouriensis showed no signals indicative of sesquiterpene a-methylene y- 
lactones. After fractionation by VLC and the usual work-up, the *H NMR spectra 
of the early fractions of the hexane extract indicated the presence of long-chain fatty 
acids. Fractions 20-22 afforded 163mg of a crystalline compound (114). The *H 
NMR spectrum of (114) (Figure 2.4.2) showed besides two singlets at 8 4.80 
and 4.74 (CH2=C), a broad signal at 8 2.64 and signals between 8 2.0-0.95 
characteristic of protons on a hydrocarbon skeleton. The 13C NMR spectrum of 
compound (114) (Figure 2.4.3) showed signals for a carbonyl group of a 
carboxylic acid at 8 184.7, signals at 8 155.8 and 103.0 corresponding to a C=CH2 
group along with 17 signals between 8 57.0 and 15.0, which suggested a skeleton 
of a diterpene acid. 13C NMR multipulse DEPT experiments on compound (114) 
(Figure 2.4.4) provided information about the type of carbon signals of the 8 57.0-
15.0 region, namely, 2 CH3, 9 CH2, 3 CH and 3 C. 2D Heteronuclear ^C ^H  
correlation experiments (Figure 2.4.5) aided the assignment of the connectivity of 
the carbon skeletons. For instance, the signal for the exocyclic methylene at 8
103.0 (C-17) correlated to the signals at 8 4.80 and 4.76 (H-17) and the signal for 
an allylic CH at 8 43.9 (C-13) corresponded to the signal at 8  2.64 (H-13). The 
signal for an allylic CH2 at 8 49.0 (C-15) correlated to the signal at 8  2.05 (H-15) 
while the two methyl absorptions at 8 29.0 and 15.6 corresponded to signals at 8 
1.24 and 0.95, respectively. Comparison of the and 13C NMR signals with 
reported values for diterpene acids122, suggested an ent-kaurenoic acid skeleton. 
The IR spectrum of (114) (Figure 2.4.6) shows characteristic absorptions of 
carboxylic acids at 3065, 2731, 2674 (O-H), 1746 (C=0) and double bond 1657
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Figure 2.4.4. DEPT 135, DEPT 090, and BB 13 C NMR spectra of 
ent-kaur-16-en-19-oic acid (114)
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Figure 2.4.5. 2D 13C^H Heteronuclear correlation spectrum of 
ent-kaur-16-en-19-oic acid (114)
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(C=C). Correlation with reported values for related ent-kaurenoids,123’125 
confirmed the proposed structure as (-)kaur-16-en-19-oic acid (114). The 
complete assignment of the and 13C NMR signals is presented in Table 2.4.1 
and table 2.4.2, respectively. From an esterification reaction on fractions 23-24, 
only fraction R1 corresponded to a single methyl ester. *H NMR of fraction R1 
correlated to the methyl ester of (114) with a singlet at 8 3.63 (C02Me). The MS 
spectrum of ester R1 was consistent with the formula H3202  for the methyl ester 
derivative of (114).
A similar VLC fractionation of the DCM extract provided besides the diterpene 
acid (114), a related compound (115). The NMR spectrum of (115) (Figure 
2.4.7) showed signals very similar to compound (114), suggesting a closely 
related structure. The main difference was the appearance of a signal at 8 9.75, 
characteristic of an aldehydic proton. Signals for an exocyclic methylene appeared 
at 8 4.81 and 4.76, along with signals for two allylic protons at 8  2.58 and an 
additional allylic proton at 8 2.08. The 13 C NMR spectrum of diterpene (115) 
(Figure 2.4.8) confirmed the presence of an aldehyde by a signal at 8  205.9. 
Signals at 8 155.6 and 103.3 were characteristic of an exocyclic double bond. The 
shift of the signal for the methyl at C-18 from 8  29.0 in (114) to 8 24.3 in (115) 
was consistent with the change of the functionality at C-19 from a carboxylic acid to 
an aldehyde. 13C NMR multipulse DEPT experiments on compound (114) 
(Figure 2.4.9) indicated the multiplicity of the carbon signals for compound (115), 
which could be correlated to the ones for compound (114), suggesting the 
structure of the corresponding aldehyde, (-)kaur-16-en-19-al (115). The IR 
spectrum of (115) (Figure 2.4.10) presented an absorption at 1732cm'1 which 
confirmed an aldehyde functionality. The complete assignment of the proton and 
carbon signals is presented in Tables 2.4.1 and 2.4.2, respectively. The mass
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 2.4.1. ^  NMR spectral data of compounds 114 and 115 
(400 MHz, CDC13, TMS as int. standard)*
H 114 115
1 1.48m 1.49m
2 1.85m 1.86m
3 2.02, 1.95m 2.00, 1.94m
5 1.12m 1.15m
6 1.82, 1.48m 1.86m
7 1.92, 1.82m 1.86m
9 1.12m 1.12m
11 1.58m 1.60m
12 1.48m 1.49m
13 2.64 br s 2.58 br s
14 2.18, 2.10 2.18, 2.10
15 2.05 d (2) 2.08 d (2)
17 4.80 s, 4.74 s 4.81 s, 4.76 s
18 1.24 s 1.25 s
19 - 9.75 d (1)
20 0.95 s 0.99 s
*Coupling constants (J) or line separations in Hz are given in parenthesis.
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Table 2.4.2. 13 C NMR spectral data of compounds 114 and 115 
(100 MHz, CDClj, TMS as in t standard)*
C 114 115
1 41.3 t 41.2 t
2 19.11 18.4 t
3 39.7 t 39.9 t
4 43.8 s 43.8 s*
5 57.1 d 56.7 d
6 21.9 t 19.9 t
7 40.7 t 39.9 t
8 44.3 s 44.2 s
9 55.1 d 54.6 d
10 39.7 s* 39.4 s
11 18.4 t 18.3 t
12 33.11 33.0 t
13 43.9 d 43.8 d
14 37.8 t 34.2 t
15 49.0 t 49.0 t
16 156.0 s 155.6 s
17 103.0 t 103.31
18 29.0 q 24.3 q
19 184.0 s 205.9 s
20 15.6 q 16.4 q
*Peak in multiplicities were determined by DEPT experiments 
^obscured
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spectral data also confirms a molecular weight of 286, consistent with the formula 
C ^H ^O .
E xperim ental
P lant m ateria l. Aerial parts of Rudbeckia missouriensis were collected on 
October 6 , 1989 in Vemon Parish (#2), Louisiana. The voucher is deposited at 
Louisiana State University, Baton Rouge, Louisiana.
E x traction  and  purification. Dried stems and leaves (238 g) were first 
extracted with hexane (1.0 L) and after concentration and solvent evaporation, 1.5 g 
of crude hexane extract was obtained. The plant material was then extracted with 
CH2Cl2 (1.0 L) and after similar treatment the crude CHjC^ extract was obtained. 
A ^  NMR spectrum of the crude hexane extract failed to show signals for 
sesquiterpene a-methylene y-lactones. The extract was fractionated by VLC126’127 
on silica gel, eluting gradiently with hexane, CH2C12 and EtOAc. The fractions 
were concentrated and combined according to TLC analysis. As evidenced by 1H 
NMR, early fractions contained fatty acids. Fractions 20-22 provided after further 
purification 163mg of a crystalline compound (114). Spectral data (*H NMR, 13 C 
NMR and EIMS) established its identity as (-)-kaur-16-en-19-oic acid (114)123'  
125. Fractions 23-24 contained a mixture of carboxylic acids which could not be 
separated by TLC. In an attempt to separate these acids, an esterification reaction 
was performed. The product of the reaction was then separated by preparative thin 
layer chromatography using hexane-CH2Cl2, (1:1). *H NMR of fraction R1 
correlated to the methyl ester of (114). The MS spectrum of ester R1 was 
consistent with the formula C2iH320 2 for the methyl ester derivative of (114). 
NMR of the other fractions showed still a mixture of products.
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A VLC fractionation on the crude CH,C1, extract was performed eluting 
gradiently with hexane, CF^Clj and EtOAc. Twenty eight fractions were collected, 
analyzed by TLC and combined accordingly. ^  NMR of fraction 7 was indicative 
of a diterpene aldehyde (115). Fractions 11-15 contained mixtures of carboxylic 
acids that could not be successfully separated. The NMR spectrum of fraction 
16 was identical to that of (-) kuar-16-ene-19-oic acid (114) obtained previously 
from the hexane extract.
E ste rifica tio n  reaction. A saturated solution of sodium hydroxide was 
prepared and set in a separatory funnel under the hood. Ethyl ether was added 
obtaining two distinct layers. Then l-methyl-3-nitro-l-nitrosoguanidine (MNNG) 
was added to the solution until the ether layer turned yellowish, indicating the 
formation of diazomethane (:CH2N2). The ether layer was added to the ethereal 
solution of the carboxylic acid, which was then stirred for 30min. The reaction 
progress was monitored by TLC, and after the usual work-up the corresponding 
ester was isolated.
(-)K aur-16-en-19-oic acid (114). C20H 30O2; IR KBr v max cm '1: 3065, 
2731, 2674, 1746, 1694, 1657, 1462, 1264, 1208, 1069, 635; and 13C NMR, 
Tables 2.4.1 and 2.4.2; Methyl ester: C21H320 2; NMR, 8 ppm (J Hz): 4.76 d 
(4.2), 3.63 s (C 02Me), 2.63 br s, 2.23 br s, 2.04 s, 1.85 d (11.8), 1.51 m, 1.16 
s, 1.09 m, 0.82 s; EIMS mlz (rel. int.): 316 (19), 121 (35), 107 (42), 105 (55), 
93 (54), 91 (100), 81 (60), 79 (86), 77 (56), 67 (61), 59 (36), 55 (67), 41 (39). 
(-)K au r-1 6 -en -1 9 -a l (115). C 9QH30O; IR KBr v max cm '1: 2980, 2820, 
2322, 1732, 1655, 1475, 1024, 972; and 13C NMR: Tables 2.4.1 and 2.4.2, 
repectively; EIMS mlz (rel. int.): 286.
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OXIDATIVE MODIFICATIONS OF 
DEHYDROCOSTUS LACTONE
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In troduction
Dehydrocostus lactone (20)31>35-36 is one of the main constituents of costus 
root oil, a widely used perfume base,61 commercially available as Costus Resinoid 
(Pierre Chauvet, S.A., France). The costus plant, Saussurea lappa Clark 
(Compositae) grows on the Himalays, and its essential oil was first chemically 
studied by Semmler and Feldstein in 1914.60 Romanuk et al. isolated costus 
lactone by fractional distillation in 1958.62 Further chemical studies on the essential 
oil of Saussurea lappa Clark (Compositae), have established the main constituents 
to be dehydrocostus lactone (2 0 ) ,  costunolide (6 9 ) and 11,13- 
dihydrodehydrocostus lactone (118).35 In more recent studies compounds (116) 
and (117)67, and (119) and (120)63 were isolated (Figure 3.1). Isolation of 
dehydrocostus lactone (20) and costunolide (69) from costus roots was 
accomplished by solvent extraction followed by recrystallization from methanol, 
and by preparative HPLC separation of costus resinoid, using a mixture of 
petroleum ether-ether as eluant70 Separation of (20) and (69) was also achieved 
by a vacuum liquid chromatography (VLC) of costus resinoid, eluting first with 
CH2C12 and EtOAc, followed by a second VLC separation using hexane-CH2Cl2 
mixtures.42
Dehydrocostus lactone (20) was also isolated from the roots of Zaluzania  
triloba71, from Munnozia maroniO2, from Vernonia species73, and from the 
aerial parts of Podachaenium eminens43. The crystal structure of dehydrocostus 
lactone (20) was solved by Fronczek et al. in 1989.31 The conformation of the 
seven-membered ring was that of a distorted twist-chair, while the lactone ring was 
in a half-chair conformation. Dehydrocostus lactone (20), which exhibited no
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molluscicidal activity, differed in conformation from its highly active analog, 7a- 
hydroxydehydrocostus lactone (2 1).29
(20 )
dehydrocostus lactone
(69)
costunolide
(116) 
3-epizaluzanin C
(117)
isodehydrocostus lactone (H 8) R -  aC H 3
(119) R = CH2OMe
(120) R = CH2OMe
Figure 3.1 Sesquiteipene lactones from Saussurea lappa
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Kalsi et have studied the plant growth activity of several sesquiterpene
lactones, among them dehydrocostus lactone (20) and related guaianolides. Their 
results showed that the introduction of a cyclopropane ring or a trisubstituted 
double bond in the a,|3-position of the lactone carbonyl enhanced the biological 
activity of the parent a-methylene-y-lactone. Introduction of either an epoxy group 
at C-4 or an ether linkage at C-4 and C-10 greatly increased the root forming 
potential. No such effect was observed with hydroxyl groups at these positions.66* 
68 More recent studies64 indicated that the introduction of a keto group at C-3, 
which provided an additional a,(3-unsaturated ketone moiety, led to an 
enhancement in root formation over their deoxy equivalent compounds. On the 
other hand, the presence of a hydroxyl group at C -l, C-3 or C-5 slightly lowered 
the plant growth activity, while C-3 acetyl derivatives led to slight enhancement of 
the biological activity as compared to the C-3 hydroxyl derivatives. The presence 
of an epoxide group in the C-3, C-4 position lowered the biological activity.
Dehydrocostus lactone (20) extracted from roots of Saussurea lappa was 
shown to possess antimutagenic activity in cultures of E. coli treated with the 
carcinogen 4-nitroquinoline-1-oxide.74 Dehydrocostus lactone (20) was non-toxic 
to normal cells and had the activity of inhibiting or reducing an action of 
carcinogenic substances in living bodies. The effective dose of (20) was 1-100 
mg/kg .75 Allergenic a-methylene lactones from costus root oil have been 
succesfully inactivated by treating the essential oil with reactive aminoalkyl 
polystyrenes.76 Shoji et alP1 found that the methanolic extract of roots of 
Saussurea lappa Clark inhibited contractions of the rabbit-isolated aorta induced by 
potassium chloride. The bioassay-directed fractionation of the extract, led to the 
isolation of dehydrocostus lactone (20) and costunolide (69) as the vasoactive 
substances.
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Dehydrocostus lactone (20) gave a formate lactone on reaction with formic 
acid.78 The photochemical addition of acetaldehyde to dehydrocostus lactone (20) 
in the presence of molecular oxygen was part of a study providing an efficient and 
mild method for the synthesis of 1,4-dicarbonyl compounds.79 Rigby and 
Wilson80 carried out the total synthesis of dehydrocostus lactone (20) in 1984 
(Scheme 3.1). The strategy involved a 1,8-addition of the Grignard reagent 
containing the five-membered ring elements to the seven-membered ring tropone 
(121). Reduction of the carbonyl group in (122) followed by protection of the 
resulting hydroxyl group (123a) led to (123b). Unmasking of the carbonyl 
group in the side chain and cyclization to the cis-fused skeleton (124) was 
accomplished in one step. Reductive cleavage of the cyclic ether (124) followed 
by protection of the hydroxyl group in (125a) led to (125b). Formation of the y- 
butyrolactone (127) was achieved through epoxidation of (125b) to (126). 
Deprotection of the ether groups in (127) followed by Swem oxidation of the 
resulting diol gave (128). The three exocyclic methylene groups were then added, 
completing the synthesis of (20) in twelve steps from tropone (121).
In continuation of a study on oxidative transformations of natural sesquiterpene 
lactones42, dehydrocostus lactone (20) was subjected to oxidation with m-chloro- 
peroxybenzoic acid (mCPBA)55 and the results are presented in 3.1. Since 
dehydrocostus lactone (20) contained several sites for allylic oxidation, it was of 
interest to learn about the regio- and stereospecificity of the allylic oxidation reaction 
using selenium dioxide /  t-butyl hydroperoxide,85 which is discussed in 3.2. In 
additional studies, dehydrocostus lactone (20) was subjected to oxidation with 
singlet oxygen and the results are discussed in 3.3.
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OR
\ J X J  
'— J  ( 122) W  ^(123a) R=H( 121)
(123b) R=Me
OMe
OMe OMe
RO 11 5.
(126) *8* RO (124)(125a) R=H 
(125b) R=MEM
OMe
RO
(127) (20)(128)
(a) (-0 CH2CH2 0 -)CHCH2 CH2MgBr, THF, 0* (96%); (b) NaBH* EtOH, O’ (89%);
(c) NaH, CH3I, THF, O’ (96%); (d) 50% TFA, Me2CO (77%); (e) Li, CH3NH2 , 
reflux (82%); (0  CH3 0 (CH2)20 CH2C1, (iPr)2EtN (97%); (g) mCPBA, CH2 CI2 (54%); 
(h) LDA, HOAc, DME, 60* (78%); (i) Me3 SiCI, Nal, MeCN, r.L; (j) (CO^Ch, DMSO, 
CH2CI2  (42%) fitom (h); (k) PhP(S)(NMe2)CH2Li (2 eq.), THF, -78* (15%);
0) LDA, (Me2 N=CH2)+r ,  THF, -78* (71%).
Scheme 3.1 Total synthesis of dehydrocostus lactone (20)
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3.1.
Peroxyacid Oxidation 
of
Dehydrocostus Lactone
In troduction
Dehydrocostus lactone (20) was first isolated from the essential oil of roots of 
the costus plant, Saussurea lappa Clark (Compositae).60 Subsequent studies 
determined its chemical structure (Figure 3.1. l) .3 l,35,36,62 Costus resinoid has 
been widely used as a blending agent in the perfume industry.61 Dehydrocostus 
lactone (20) has since been found to possess several biological activities, among 
them plant growth activity,63’69 antimutagenic activity,74'75 vasoactivity 77 and 
allergenic activity.76
In continuation of a study on oxidative transformations of natural sesquiterpene 
lactones42, dehydrocostus lactone (20) was subjected to oxidation with m-chloro- 
peroxybenzoic acid (mCPBA)55. Since dehydrocostus lactone (20) contains three 
exocyclic double bonds, two non-conjugated and one conjugated, it provided an 
opportunity to test the regio- and stereoselectivity of the reaction with mCPBA. As 
seen in Scheme 1.6, the reaction of mCPBA on an olefin is formulated as a 
concerted process, with retention of the stereochemistry of the olefin substituents. 
Since conjugated olefins with carbonyl (or other strongly electron-attracting groups)
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show very low reactivity, it was predicted that the exocyclic a-methylene lactone 
group in (20) would not react. From the fact that epoxidation occurs preferentially 
from the less hindered side of the molecule, attacks from the a-face of the C(4)- 
C(15) double bond, and from the P*face of the C(10)-C(14) double bond were 
expected. In cases where the two potential modes of attack are similar, a mixture of 
products must be expected. Directive effects are observed when polar substituents 
like hydroxyl groups are present In this case the addition occurs from the side of 
the molecule containing the polar substituent55*57. The reaction was run under two 
sets of conditions: first in a 1:2 ratio of dehydrocostus lactone: mCPBA, for 46h 
and at a higher temperature, to allow for complete epoxidation; and then in a 1:1 
ratio keeping the temperature below 25° for lh , in order to obtain the product 
resulting from the preferred site for epoxidation.
14
(20) o
(1 3 0 )0
Q..'!
(129 )0
(1 3 1 )0
Figure 3.1.1. Dehydrocostus lactone (20) and epoxidation 
products (129) - (131)
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Results and Discussion
The reaction of a solution of (20) in CH2C12 with a concentrated mCPBA 
solution was exothermic upon contact After 46h the reaction was stopped and the 
mixture was worked up, followed by a vacuum liquid chromatography 
(VLC) 126'127 was carried ou t Although the major product appeared as a single 
spot on TLC (Rf=0.65 CH2Cl2-EtOAc, 2:1), the NMR spectrum (Figure 3.1.2) 
suggested a mixture of two closely related compounds. The presence of two sets of 
sharp doublets for the a-methylene protons (H-13) at 8 6.23, 6.22 and 5.52, 5.51 
accompanied by two triplets at 8 4.25 and 4.14 (H-6) evidenced intact a-methylene 
y-lactone groups. The absence of signals for the exocyclic methylene groups in 
addition to two sets of doublets at 8 3.33, 3.32 and 2.88, 2.87 and superimposed 
signals between 8 2.80 and 2.65 typical for protons adjacent to epoxide groups, 
suggested epoxidation of the two non-conjugated double bonds in (20). T he13 C 
NMR spectrum (Figure 3.1.3) presented two sets o f very similar signals suggesting 
two diepoxides (131) probably differring only in the stereochemistry of the 
epoxide rings (Figure 3.1.1). Typical signals for die exocyclic a-methylene lactone 
at 8 120.7 and 120.2 (C-13) and at 8 81.4 and 80.8 (C-6) confirmed that this group 
remained intact The absence of any other exocyclic methylene signal suggested 
that these had been converted to epoxides, a fact which was further evident from 
two sets of signals at 8 50.4, 50.1 and 52.4, 52.0 (C-14,15) characteristic of 
epoxide methylene groups. A complete tentative assignment of the signals is 
presented in the experimental section. Despite several attempts, the diepoxides 
could not be separated by chromatographic methods. GC-MS analysis of the 
mixture of diepoxides showed an unresolved peak at Rt =17.0 with a molecular ion 
at mlz 262, consistent with the formula C15Hlg0 4.
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The reaction was subsequently carried out using a 1:1 ratio of substract and 
peracid reagent in order to favor formation of the monoepoxidation product A 
solution of (20) in CH2C12 was added dropwise to a solution of mCPBA in 
CH2C12, while keeping the temperature below room temperature. After lh r the 
reaction was complete and several spots were detected by TLC. Standard work-up 
procedure and subsequent chromatographic purification gave compounds (129) 
and (130) as the main products. As shown by *H NMR, diepoxidation products 
were only minor components under these reaction conditions.
The *H NMR spectrum of compound (129) (Figure 3.1.4) showed besides the 
typical signals for the a-methylene lactone at 8  6.19 and 5.47 (C-13) and at 5 4.05 
(C-6), two sharp doublets at 8 2.86 and 3.37. The absence of the exocyclic 
methylene signals at 8 5.07 and 5.27 (H-15) in (20) and the presence o f two 
singlets at 8 4.95 and 4.99 (H-14) suggested the formation of an epoxide at C-4, 
rather than at C-10. A strong upfield shift of the previously allylic H-5 signal from 
8 2.91 to 2.12 was also consistent with formation of the epoxide at C-4. The allylic 
C-3 protons in (20) were also shifted upfield in (129) to 8 2.25 and 1.72. 
Another noticeable change was observed for the signal due to the allylic H-l, which 
was shifted downfield from 8  2.91 in (20) to 3.23 in (129), suggesting 
deshielding of H -l by the an a-epoxide oxygen function.
Multiple decoupling experiments (Figure 3.1.5) aided the assignment of the !H 
signals. Irradiation of the signals at 8  5.47 (H-13a) and 6.19 (H-13b) simplified 
the signal at 8 2.75 (H-7). Similarly, irradiation of the signals at 8  4.99 and 4.95 
(H-14) affected the one at 8 3.23 (H-l). The mutually coupled protons in the 
epoxide ring (H-15) were affected on irradiations at 8 3.37 and 2.86, respectively. 
Irradiation of the signal at 8 4.05 (H-6) distorted the signals at 8 2.75 (H-7) and 
2.12 (H-5). Irradiation of the signal at 8 3.23 (H -l) affects the signals at 8  4.99
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Figure 3.1.5. Multiple decoupling JH NMR spectra of epoxide (129)
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(H-14b), 2.12 (H -5,2(1) and 1.94 (H-2a). Irradiation of the signal at 8 2.75 (H-7) 
affects the signals at 8 5.47 and 6.19 (H-13a,13b), 4.05 (H-6) and signals at 8 
2.25 and 1.48 (H-8a, 8p). Irradiation at 8 1.48 (H-8p) affects the signal at 8 2.75 
(H-7), 2.49 (H-9a) and 2.25 (H-8o, 9p). Irradiating the signal at 8 1.72 (H-3a) 
affects signals at 8  1.94 (H-2a), 2.12 (H-2p) and 2.25 (H-3P).
T h e13 C NMR spectrum (Figure 3.1.6) showed the typical signals for the a -  
methylene y-lactone at 8  120.2 (C-13) and 81.9 (C-6). The presence of only one 
non-conjugated exocyclic double bond was evident from only one signal at 8 
114.2. 2D ^ C ^ H  Heteronuclear correlation experiments (Figure 3.1.7) and 
correlation with the values for compound (2 0 ) were used in the complete 
assignment of the carbon signals. For instance, the signals at 8  120.2 (C-13) 
correlated with the a-methylene signals at 8  5.47 and 6.19, while the signal at 8 
114.2 (C-14) correlated with the exocyclic methylene signals at 8 4.95 and 4.99. 
Similarly, the doublets at 8 2.86 and 3.37 for the epoxide protons were coupled to 
the signal at 8 50.2 (C-15). The signal at 8 81.9 (C-6) correlated with the signal at 
8 4.05 typical for the proton adjacent to the lactone. The correlation between the 
signals at 8  46.9,53.4 and 45.9 with the corresponding signals at 8 3.23,2.12 and 
2.75 was also evident, and were assigned to C -l, C-5 and C-7, respectively. All 
the above data support a stereo-structure for compound (129) as shown in Figure 
3.1.1. This requires that (129) represents 4,15p-epoxydehydrocostus lactone, 
rather than a structure with the opposite a-stereochemistry of the epoxide ring, as 
proposed by Kalsi et al.66
The *H NMR spectrum of compound (130) (Figure 3.1.8) showed besides the 
typical sharp doublets for the a-methylene lactone group at 8  5.49 and 6.20 (H-13) 
and the doublet of doublets at 8 4.09 (H-6), two sharp doublets at 8 3.10 and 2.76 
for methylene protons in an epoxide ring. The absence of the signals for the
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olefinic protons at C-14 in (20) suggested epoxidation at C-10 instead of 
epoxidation at C-4. The signal for H -l was not significantly affected by the 
neighboring epoxide group, favoring a structure with the epoxide oxygen in the P- 
position. Multiple decoupling experiments were performed on compound (130) 
(Figure 3.1.9) that aided the assignment of the signals. Irradiation at S 6.20 (H- 
13b) and at 8 5.48 (H-13a) affected the signal at 8  2.85 (H-7) and saturation at 8
4.09 (H-6) affected the signal at 8 2.85 (H-7) and the one at 8 2.64 (H-5). 
Irradiation of the doublet at 8 3.10 (H-14b) collapsed the doublet at 8 2.76 (H-14a) 
into a singlet and vice versa. Irradiation at 8 2.64 (H-5) collapsed the triplet at 8
4.09 (H-6) into a doublet of a doublet and affected the signal at 8  2.90 (H-l). 
Other irradiation experiments failed to provide conclusive information due to the 
complexity and superimposition of the signals in the 8 2.5 to 1.5 region. The 
complete assignments are summarized in Table 3.1.1. The 13C NMR spectrum of 
compound (130) (Figure 3.1.10) was correlated with the spectra for compounds 
(20) and (129) and the signals assigned accordingly (Table 3.1.2). For instance, 
typical signals for the a-methylene lactone at 8  120.4 and 81.8 were assigned to C- 
13 and C-6 , respectively. The signal at 8  113.0 was assigned to the exocyclic 
methylene at C-15, while the signal for the epoxide methylene was now at 8 48.2 
(C-14). This suggested that the structure for compound (130) had to be 10,14a- 
epoxydehydrocostus lactone.
The above results support the concerted mechanism of peracid epoxidation 
reaction (Scheme 1.6). An attack of the bulky mCPBA molecule from the sterically 
less hindered side of the exocyclic C(4)-C(15) double bond on (20), results in the 
formation of the a-epoxide ring in compound (129). Attack on the exocyclic 
C(10)-C(14) double bond on (20) must occur from the sterically less hindered 
side, which yields the P-epoxide ring in compound (130). The formation of more 
than one epoxide points to the low regioselectivity of the reaction of mCPBA on
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Figure 3.1.9. Multiple decoupling *H NMR spectra of epoxide (130)
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Table 3.1.1. !H NMR spectral data of compounds 20,129 and 130 
(400 MHz, CDQ3, TMS as int. standard)*
H 2 0 129 130
1 2.91 m 3.23 ddd (8, 8, 8) 2.90 m
2a 1.92 m 1.94 m 1.5-2.5
2b 1.92 m 2.12 m 1.5-2.5
3a 2.53 m 1.72 m 2.58 m
3b - 2.25 m 1.5-2.5
5 2.91 m 2.12 m 2.64 dd (9.3, 9.4)
6 3.97 dd (9, 9) 4.05 dd (9, 11) 4.09 dd (9.4)
7 2.91 m 2.75 ddd (4, 9,11) 2.85 m
8a 2 .2 1 m 2.25 m 2.06
8b 1.43 m 1.48 ddd (6,11 , 11) 1.42
9a 2.49 m 2.49 dd (6 , 11) 1.5-2.5
9b 2.16 m 2.25 m 2.20
13a 5.49 d (3.1) 5.47 d (3.1) 5.48 d (3.1)
13b 6.22 d (3.3) 6.19 d (3.7) 6.20 d (3.5)
14a 4.82 s 4.95 s 2.76 d (4.9)
14b 4.90 s 4.99 s 3.10 d (4.9)
15a 5.07 d (1.7) 2.86 d (4.5) 5.01 s
15b 5.27 d (1.9) 3.37 d (4.4) 5.01 s
♦Coupling constants (J) or line separations in Hz are given in parenthesis.
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Table 3.1.2. 13 C NMR spectral data of compounds 20,129 and 130 
(100 MHz, CDC13, TMS as int. standard)*
c 20 129 130
1 47.6 d 46.9 d 46.4 d
2 30.31 28.5 ta 29.3 ta
3 32.61 31.5 tb 33.3 tb
4 151.2 s 66.4 s 149.0 s
5 52.0 d 53.4 d 49.0 d
6 85.2 d 81.9 d 81.8 d
7 45.1 d 45.9 d 44.7 d
8 30.91 29.913 31.3 t3
9 36.21 33.2 tb 38.3 tb
10 149.2 s 148.2 s 64.9 s
11 139.8 s 139.4 s 139.1 s
12 170.0 s 169.8 s 170.0 s
13 120.11 120.2 t 120.41
14 112.61 114.21 48.21
15 109.61 50.21 113.0 t
*Peak multiplicities were determined by DEPT experiments. 
a>b interchangeable within a column
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dehydrocostus lactone (20), being both exocyclic double bonds able to react under 
the specified conditions. As expected, the electron-deficient a-methylene lactone 
group did not react under these conditions. Longer reaction time and an excess of 
reagent (mCPBA) provided the mixture of diepoxides (131), by reaction of the 
two non-conjugated exocyclic double bonds in dehydrocostus lactone (20).
E xperim en tal
E pox idation  o f dehydrocostus lactone (20). Enriched dehydrocostus 
lactone (20) isolated by preparative HPLC from costus root oil ( Pierre Chauvet, 
S. A., France)70, was further purified by column chromatography and kept frozen 
until ready to use. A solution of 250 mg (1.08 mmol) of dehydrocostus lactone 
(20) in 5 mL of CH2C12 was added dropwise to the solution of 187.5 mg (1.08 
mmol) of mCPBA in 10 mL of C H jC^ while stirring in an ice bath. Progress of 
the reaction was followed by TLC. The reaction was stopped after lhr when most 
dehydrocostus lactone (20) had reacted and a major spot appeared at Rf=0.87 in 
CH2Cl2-EtOAc, (2:1). Minor spots were observed at Rf= 0.73, 0.65 and 0.46. 
The milky solution was then concentrated and mCBA filtered out as a white solid. 
*H NMR indicated a mixture o f two monoepoxidation products in the major 
fraction. After several chromatographic separations and purifications 26.3 mg of 
pure compound (129) and 12.2 mg of compound (130) could be isolated. Other 
fractions still containing mixtures of these monoepoxidation products were also 
obtained. Spectroscopic data were used to determine the structures.
D ehydrocostus lactone 4a(15)-epoxide (129). C15H180 3; and 13C 
NMR: see Tables 3.1.1 and 3.1.2; GC-MS mlz (rel. int.) (Rt = 15.8): 246 [M+]
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(17), 228 [M+- H20 ] (9), 217 (18), 203 (18), 188 (29), 175 (21), 164 (27), 150 
(51), 124 (82), 117 (41), 91 (100), 79 (65), 67 (42), 53 (66).
D ehydrocostus lactone 10P(14)-epoxide (130). C15H180 3; *H and 13C 
NMR: see Tables 3.1.1 and 3.1.2; GC-MS m lz (rel. int.) (Rt = 15.08): 246 
[M+], 228 , 215, 199, 187,175, 150 (100), 133, 123,105, 91,79, 67, 53.
D iepoxidation o f dehydrocostus lac tone  (20). A solution o f 1.14g 
(0.005mol) of (20) in 5mL of CH2C12 was added to 2.00g (0.012mol) of mCPBA 
dissolved in lOmL of CF^C^. The reaction was exothermic and the mixture was 
allowed to react for 46h. Most mCBA separated as a white solid which was 
removed by filtration. The concentrated solution was separated by VLC126>127 
using gradient elution with hexane, CH2C12, EtOAc and MejCO. The major 
fraction gave an Rf=0.65 in CH2G 2-EtOAc, (2:1). *H NMR suggested a mixture 
of two closely related diepoxides, probably differing only on the stereochemistry of 
the epoxide rings (131). 13C NMR analysis confirmed this result Although 
several chromatographic separations were attempted, the two compounds could not 
be successfully separated.
D ehydrocostus lactone*4(15), 10(14)-diepoxides (131). *H NMR S 
ppm (Hz): 6.23 d(3.4), 6.22 d(3.3) H-13; 5.52 d(3.3), 5.51 d(3.2) H-13’; 4.25 
t(8.9), 4.14 t(9.0) H-6; 3.33 d(4.3), 3.32 d(4.3), 2.88 d(4.4), 2.87 d(4.3) H- 
epox; 2.80-2.65 m H-epox; 2.30-1.60 m. 13C NMR 8  ppm: 139.3,139.1 (C -ll); 
120.7,120.2 (C-13); 81.4, 80.8 (C-6); 66.6 , 66.0 (C-4); 58.5, 58.1 (C-10); 54.2, 
53.6 (C-5); 52.4, 52.0 (C-15), 50.4, 50.1 (C-14); 47.0, 46.1, 44.8,44.1 (C-1,7); 
32.4, 30.8, 30.4, 29.4 (C-9,3); 25.3, 25.0, 24.5, 24.3 (C-8,2). GC-MS m lz  
(rel. in t) (Rt = 17.0): 262 [M+], 244, 231, 215, 203, 188, 175, 151, 147, 131, 
117, 91 (100), 79 ,67 , 53.
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3 2 .
Allylic Oxidation 
of
Dehydrocostus Lactone 
with
Selenium Dioxide and t-Butyl Hydroperoxide
In troduction
Continuing the studies on oxidative transformations of natural sesquiterpene 
lactones,42 it was of interest to learn about the regio- and stereospecificity of the 
relatively new technique for the allylic oxidation of alkenes using selenium dioxide /  
t-butyl hydroperoxide, developed by Umbreit and Sharpless85. This technique had 
been successfully used by Haruna and Ito87, in the regio- and stereospecific 
oxidation of a germacrane-type sesquiterpene lactone. Since dehydrocostus lactone 
(20) (Scheme 3.2.1), one of the main constituents of the essential oil of 
Saussurea lappa Clark,35’60' 62 contained several sites available for allylic 
oxidation, it provided a unique opportunity to test the regio and stereospecificity of 
this reaction.
As outlined in Scheme 1.15, the mechanism of the reaction of alkenes with 
S e 0 2 and [BuOOH is formulated as an ene reaction of the selenium t-butyl 
hydroperoxide moiety on the double bond. The resulting allylseleninic ester
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undergoes a [2,3] sigmatropic rearrangement before hydrolyzing to the 
corresponding allylic alcohol. Since the selenium t-butyl hydroperoxide moiety is 
regenerated in this step, catalytic amounts of selenium dioxide suffice for this 
reaction.
SeCfe/'BuOOH HO'"'
(20) (116)
Scheme 3.2.1: Allylic oxidation of dehydrocostus lactone (20) 
with SeC>2 /  ‘BuOOH in CH2CI2
In reactions on germacranolides87, the allylic hydrogens of the C-10 methyl 
group have been found to present the most favorable orientation, orthogonal to the 
olefinic plane in the six-membered transition state of the ene reaction. In the case of 
germacranolides, a change in the configuration of the double bond resulted from the 
rotation required for the formation of the five-membered ring transition state of the 
[2,3]-sigmatropic rearrangement As outlined in Scheme 3.2.2, this rotation would 
not lead to a change in configuration for the exocyclic double bonds of 
dehydrocostus lactone (20). The direction o f the attack leading to the five- 
membered ring transition state of the [2,3]-sigmatropic rearrangement would dictate 
the stereochemistry of the resulting hydroxyl group. On inspection of Dreiding 
models for (20), the allylic protons H-3 and H-5 appear to have the most favorable 
orthogonal orientation for the six-membered ring intermediate (A) for the ene 
reaction on the C-4 exocyclic methylene. The subsequent attack of the hydroxyl 
group at C-3, rather than at the sterically hindered C-5, would be favored to occur
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from the less sterically hindered a-face of the allyl seleninic ester intermediate (B), 
providing after hydrolysis the corresponding allylic 3a-hydroxy derivative of (20). 
Because of the unfavorable orientation of the allylic H-l (not orthogonal to the 
olefinic plane in the transition state of the ene reaction), the reaction on the C-10 
exocyclic methylene in (20) would be predicted to occur preferentially towards the 
formation of an allylic hydroxyl at C-9, rather than at C-l. An attack from the (J- 
face would produce a sterically hindered ji-hydroxyl group at C-9, while an attack 
from the less sterically hindered a-face would be more favorable.
SeQz + 'BuOOH
.Se
•BuO-O* OH
(A )
HO
'BuO -O *
Se—OH 
&
O
•BuOO— Se(^
OH
ene reaction
(B)
[2,3]
sigmatropic
rearrangement
hydrolysis
OH
Scheme 3.2.2: Mechanism of the allylic oxidation of dehydrocostus lactone (20) 
with SeO z/‘BuOOH
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R esults and  Discussion
A solution of dehydrocostus lactone (20) in CH2C12 was added dropwise to a 
solution of Se02 and ‘BuOOH, the reaction being complete after one hour, as 
evidenced by TLC monitoring. After work-up and subsequent chromatographic 
purification, lactone (116) was obtained as the main product Longer reaction 
times produced besides compound (116), other non-identified oxidation products.
The XH NMR spectrum of compound (116) in CDC13 (Figure 3.2.1) showed a 
strong downfield shift of the signal for H-3 from 8 2.53 in compound (20) to 5 
4.70, and downfield shifts for H-15a from 8 5.07 to 5.37 and for H-15b from 8 
5.27 to 5.50, suggesting an OH substituent at C-3. The lH NMR spectrum of 
(116) in C6D6 (Figure 3.2.2) presented a shift in the signals, clarifying the region 
of 8  6.5 to 4.5, but complicating the region between 8 3.5 and 1.0. 13C NMR 
broadband and multipulse DEPT experiments of (116) (Figure 3.2.3), clearly 
showed, besides the signals for the three exocyclic double bonds at 8 120.4 (C-13), 
113.1 (C-14) and 113.2 (C-15), the presence of a CH group in (116) instead of 
the CH2 group for C-3 in (20). The signals for C-3 and C-2 shifted downfield 
from 8 32.6 and 30.3 in (20) to 8 74.5 and 39.8, respectively, indicating a new 
oxygen-bearing carbon in (116). The IR spectrum (Figure 3.2.4) presented the 
typical OH bands (3601,1308,1260,1036,997 cm*1). MS analysis (Figure 3.2.4) 
supported the introduction of an OH substituent with the molecular peak now at 
mlz 246 and a peak due to the loss of H20  at mlz 228 (M+-18). From the 2D !H 
NMR COSY spectrum (Figure 3.2.5) the couplings observed permitted the 
assignment of the proton signals (Table 3.2.1). For instance, the two mutually 
coupled shaip doublets at 8 6.23 and 5.51 for the a-methylene lactone H-13 were 
coupled to the signal at 8 2.87 (H-7). The singlets at 8 5.50 and 5.37 (H-15),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 3.2.3. DEPT 135, DEPT 090, and BB 13C NMR 
spectra of 3-epizaluzanin C (116)
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Figure 3.2.4. IR and MS spectra of 3-epizaluzanin C (116)
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Figure 3.2.5. 2D 1H NMR COSY spectrum of 3-epizaluzanin C (116)
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Table 3.2.1. *H NMR spectral data of compounds 20 and 116 
(200 MHz, CDCI3, TMS as int. standard)*
H 2 0 116 116+
1 2.91 m 3.11 d  (6.05) 2.53
2a 1.92 m 2.16 m
2b 1.92 m 1.92 m
3 2.53 m 4.70 dd (6.2, 6.2) 4.36 dd (6.2, 6.2)
5 2.91 m 3.12 d  (6.5) 2.53
6 3.97 dd (9.1, 9.1) 3.91 dd (9.3, 9.3) 3.34 dd (9.2, 9.2)
7 2.91 m 2.87 m
8a 2.21 m 2.19 m
8b 1.43 m 1.41 m
9a 2.49 m 2.53 m
9b 2.16 m 2.01 m
13a 5.49 d (3.1) 5.51 d (3.2) 4.84 d (3.1)
13b 6.22 d (3.3) 6.23 d (3.6) 6.11 d (3.5)
14a 4.82 s 4.79 s 4.48 s
14b 4.90 s 4.94 s 4.58 s
15a 5.07 d (1.7) 5.37 s 5.18 d (1.7)
15b 5.27 d (1.9) 5.50 s 5.53 s br.
♦Coupling constants (J) or line separations in Hz are given in parenthesis. 
tinC6D6
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besides being coupled to each other, showed allylic coupling to the signals at S 4.70 
(H-3) and 3.12 (H-5). The doublet of a doublet at 8 3.91 (H-6) was coupled to the 
signals at 8 3.12 (H-5) and 2.87 (H-7). The signal at 8 3.11 (H-l), as well as the 
signal at 8 4.70 (H-3) were coupled to signals at 8  2.16 and 1.92 (H-2). The 
stereochemistry at C-3 is in agreement with the observed coupling constants. The 
downfield shifts for the signals for H-2a, H-l and H-5 suggested an a -  
stereochemistry for the hydroxyl group at C-3. From the ^ C ^ H  heteronuclear 
correlation spectrum (Figure 3.2.6), it was possible to assign the 13C NMR signals 
unambiguously (Table 3.2.2). For instance, of the two oxygen-bearing carbons, 
the signal at 8 74.5 (C-3) correlated to the signal at 8 4.70 (H-3), while the signal at 
8  84.9 (C-6) correlated to the one at 8  3.91 (H-6). Similarly, signals 
corresponding to the three CH groups at 8 44.2,49.6 and 45.6 were assigned to C- 
l,C-5 and C-7, respectively. The above data suggested that compound (116) was 
identical with the natural 3-epizaluzanin C (116)73. This was confirmed by single 
crystal X-ray analysis.
3-Epizaluzanin C (116), colorless crystals of dimensions 0.11x0.13x0.50 
mm., was analyzed by single crystal X-ray and showed to be isomorphous with 
dehydrocostus lactone (20). The conformation of the seven-membered ring is a 
distorted twist-chair. The lactone ring is in the half-chair conformation, while the 
other five-membered ring has a distorted half-chair conformation (Figure 3.2.7). 
Figure 3.2.8 shows the stereoview of 3-epizaluzanin C (116). Atomic 
coordinates, bond distances, bond angles and torsion angles are given in Tables 
3.2.3 to 3.2.6.
The results support the proposed mechanism by Haruna and Ito87. As shown 
in Scheme 3.2.2, initial attack of the bulky selenium ‘butyl hydroperoxide from the 
sterically less hindered a-face of the dehydrocostus lactone (20) molecule, results
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Table 3.22 .  13 C NMR spectral data of compounds 20 and 116 
(50 MHz, CDC13, TMS as int. standard)*
C 20 116
1 47.6 d 44.2 d
2 30.3 t 39.8 t
3 32.61 74.5 d
4 151.2 s 154.1 s
5 52.0 d 49.6 d
6 85.2 d 84.9 d
7 45.1 d 45.6 d
8 30.91 31.01
9 36.21 36.7 t
10 149.2 s 148.5 s
11 139.8 s 139.5 s
12 170.0 s 170.0 s
13 120.11 120.4 t
14 112.61 113.11
15 109.61 113.2 t
*Peak multiplicities were determined by DEPT experiments.
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Table 3.2.3 Positional parameters of 3-epizaluzanin C (116)
Atom X X z B(A2)
H30 -0.149(4) 0.481(2) 0.934(2) 11.8(8)*
HI -0.213(2) 0.7291 1 ) 0.724(1) 4.6(4)*
H3 -0.145(2) 0.650(1) 0.971(1) 4.6(3)*
HS 0.012(2) 0.847(1) 0.768(1) 3.7(3)*
H6 -0.158(2) 0.883(1) 0.947(1) 3.5(3)*
H7 -0.140(2) 1.016(1) 0.7825(9) 3.0(3)*
H21 -0.346(4) 0.621(2) 0.819(2) 9.8(7)*
H22 -0.398(5) 0.695(2) 0.901(2) 15(1)*
HB1 -0.407(3) 1.089(2) 0.814(1) 6.6(5)*
HS 2 -0.388(2) 1.054(1) 0.921(1) 4.9(4)*
H91 -0.584(2) 0.931(2) 0.823(1) 6.7(5)*
H92 -0.461(2) 0.871(1) 0.890(1) 5.2(4)*
HI 31 -0.012(2) 1.267(1) 0.939(1) 4.8(4)*
HI 32 -0.211(2) 1.251(2) 0.880(1) 5.7(4)*
HI 41 -0.543(3) 0.916(2) 0.655(2) 8.3(6)*
HI 42 -0.402(3) 0.806(1) 0.620(1) 6.6(5)*
HI SI 0.221(2) 0.607(1) 0.884(1) 5.3(4)*
Hi 52 0.267(3) 0.734(1) 0.831(1) 6.1(4)*
Starred atoms were refined isotropically.
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Table 3.2.3 cont.
Atom
01
X
0.0790(1)
1
0.94141(7)
*
0.92791(7)
B(A2)
3.69(2
02 0.2231(1) 1.0987010) 0.96659(8) 4.89(2
03 -0.0907(2) 0.51947(9) 0.8894(1) 6.45(3
Cl -0.2437(2) 0.7666(1) 0.78196(9) 3.57(2
C2 -0.2973(2) 0.6747(1) 0.8540(2) 6.06(4
C3 -0.1310(2) 0.6345(1) 0.9026(1) 3.97(3
C4 0.0130(2) 0.708961S) 0.86393(9) 3.24(2
C5 -0.0674(2) 0.81357(9) 0.82126(8) 2.94(2
C6 -0.0930(2) 0.90910(9) 0.89195(8) 2.91(2
C7 -0.1695(2) 1.01729(9) 0.84877(9) 3.04(2
C8 -0.3672(2) 1.028S(1) 0.8588(1) 4.59(3
C9 -0.4654(2) 0.9187(1) 0.8368(1) 4.77(3
CIO -0.3071(2) 0.0494(1) 0.7588(1) 3.62(2
Cll -0.0640(2) 1.1091(1) 0.89462(8) 3.29(2
C12 0.0949(2) 1.0548(1) 0.93343(9) 3.54(2
C13 -0.0961(2) 1.2180(1) 0.9046(1) 4.38(3
C14 -0.4460(3) 0.8503(2) 0.6717(1) 5.79(4
Cl 5 0.1612(2) 0.6811(1) 0.8619(1) 4.12(3
The equivalent isotropic thermal parameter. Cor atoms refined
anlsotroplcally, Is defined by the equation:
4 2 2 2j(a Bjj + b & 2 2  + c Bjj + abB12cosg + acB^cosb + bcB j^cosa 1
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Table 3.2.4 Bond Distances of 3-epizaluzanin C (116)
Atom 1 Atom 2 Distance
01 C6 1.466(1)
01 C12 1.346(1)
02 C12 1.205(2)
03 C3 1.406(2)
Cl C2 1.556(2)
Cl C5 1.561(2)
Cl CIO 1.505(2)
C2 C3 1.519(2)
C3 C4 1.517(2)
C4 C5 1.51012)
Atom 1 Atom 2
««■ m
Distance
03 H30 0.90(3)
Cl HI 0.97(2)
C2 H21 0.90(2)
C2 H22 1.04(4)
C3 H3 0.99(2)
CS H5 1.04(1)
C6 H6 0.98(1)
C7 H7 0.97(1)
C8 H81 1.00(2)
Atom 1 Atom 2
mmmmmm Di stance
C4 C15 1.323(2)
C5 C6 1.523(2)
C6 C7 1.533(2)
C7 C8 1.525(2)
C7 Cll 1.500(2)
C8 C9 1.531(2)
C9 CIO 1.502(2)
CIO Cl 4 1.321(2)
Cll C12 1.480(2)
Cll Cl 3 1.316(2)
Atom 1 Atom 2
m m m m m m
Distance
■ ■ ■ ■ ■ ■ e s
C8 H82 0.95(2)
C9 H91 0.94(2)
C9 H92 0.94(2)
C13 HI 31 1.00(2)
C13 H132 1.02(2)
Cl 4 H141 1.03(2)
C14 H142 1.02(2)
Cl 5 H151 0.97(2)
C15 H1S2 1.00(2)
Numbers in parentheses are estimated standard deviations in 
the least significant digits.
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Table 3.2.5 Bond Angles of 3-epizaluzanin C (116)
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
------ a • a a a a ------ ------ - - - - - - ------ . . . . .
C3 03 H30 106.(2) Cll C7 H7 108.1(8)
C2 Cl HI 108.5(9) C7 C8 H81 108.(1)
CS Cl HI 104.8(9) C7 C8 1182 106.(1)
CIO Cl Hi 106.7(9) C9 C8 H81 109.(1)
Cl C2 H21 103.(2) C9 C8 H82 112(1)
Cl C2 H22 117.(2) H81 C8 H82 108.(1)
C3 C2 H21 113.(2) C8 C9 H91 112.(1)
C3 C2 H22 115.(2) C8 C9 H92 109(1)
H21 C2 H22 102.(3) CIO C9 H91 109.(1)
03 C3 H3 109.3(9) CIO C9 H92 105(1)
C2 C3 H3 107(1) H91 C9 H92 107.(2)
C4 C3 H3 109(1) Cll C13 HI 31 120(1)
Cl C5 HS 112.2(8) Cll Cl 3 HI 32 120.(1)
C4 CS H5 111.1(8) H131 Cl 3 H132 120.(1)
C6 C5 HS 105.7(8) CIO Cl 4 H141 121.(1)
01 C6 H6 105.2(8) CIO C14 H142 121.(1)
CS C6 H6 111.3(7) H141 Cl 4 HI 4 2 118.(2)
C7 C6 H6 112.8(8) C4 C15 H151 121(1)
C6 C7 H7 106.6(8) C4 CIS H152 119.(1)
C8 C7 H7 108.9(8) Hi 51 CIS H152 119.(1)
Numbers in parentheses are estimated standard deviations in 
the least significant digits.
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Table 3.2.5 conL
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
1 m m mmm ■ m m m m m 1 I 1 1 a a . . . . .
C6 01 C12 110.85(9) C5 C6 C7 113.69(9)
C2 Cl C5 103.7(1) C6 C7 C8 114.4(1)
C2 Cl CIO 114.0(1) C6 C7 Cll 102.9(1)
C5 Cl CIO 118.5(1) C8 C7 Cll 115.5(1)
Cl C2 C3 107.1(1) C7 C8 C9 113.2(1)
03 C3 C2 115.2(1) C8 C9 CIO 114.6(1)
03 C3 C4 110.6(1) Cl CIO C9 118.9(1)
C2 C3 C4 105.6(1) Cl CIO Cl 4 120.4(1)
C3 C4 CS 108.6(1) C9 CIO Cl 4 120.8(1)
C3 C4 CIS 124.8(1) C7 Cll C12 106.9(1)
C5 C4 C15 126.4(1) C7 Cll C13 130.7(1)
Cl C5 C4 102.06(9) Cl 2 Cll Cl 3 122.4(1)
Cl C5 C6 112.8(1) 01 C12 02 121.3(1)
C4 CS C6 113.2(1) Ol C12 Cll 109.8(1)
01 C6 C5 107.83(9) 02 C12 Cll 128.9(1)
01 C6 C7 10S.46(9)
Numbers in parentheses are estimated standard deviations in 
the least significant digits.
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Table 3.2.6 Torsion Angles of 3-epizaluzanin C (116)
Atom 1 Atom 2 Atom 3 Atom 4 Angle
------ m m m 1 1 1 a • • 1111a1 -----
C12 01 C6 cs 137.40 0.10)
C12 01 C6 C7 15.60 0.12)
C6 01 Cl 2 02 175.52 0.12)
C6 01 C12 Cll -4.13 0.14)
H30 03 C3 C2 -8S.98 2.08)
H30 03 C3 C4 154.45 2.08)
CS Cl C2 C3 -24.73 0.15)
CIO Cl C2 C3 -155.02 0.12)
C2 Cl C5 C4 34 .66 0.13)
C2 Cl C5 C6 -86.89 0.12)
CIO Cl C5 C4 162.36 0.11)
CIO Cl C5 C6 40.60 0.15)
C2 Cl CIO C9 58.98 0.17)
C2 Cl CIO Cl 4 -119.17 0.16)
C5 Cl CIO C9 -63.51 0.16)
C5 Cl CIO C14 118.33 0.15)
Cl C2 C3 03 -117.72 0.14)
Cl C2 C3 C4 4.57 0.16)
03 C3 C4 C5 143.67 0.12)
03 C 3 C 4 C15 -31.45 0.19)
C2 C3 C4 CS 18.48 0.15)
C2 C3 C4 C15 -156.64 0.15)
C3 C4 C5 Cl -33.48 0.12)
C3 C4 CS C6 88.02 0.12)
CIS C4 CS Cl 141.54 0.14)
CIS C4 C5 C6 -96.96 0.16)
Cl CS C6 01 176.68 0.09)
Cl C5 C6 C7 -66.77 0.13)
C4 C5 C6 01 61.44 0.12)
C4 C5 C6 C7 177.99 0.10)
01 C6 C7 CB -146.05 0.11)
01 C6 C7 Cll -20.01 0.11)
CS C6 C7 CB 96.02 0.13)
CS C6 C7 Cll -137.94 0.10)
C6 C7 CB C9 -44.27 0.18)
Cll C7 CB C9 -163.42 0.13)
C6 C7 Cll C12 17.68 0.12)
C6 C7 Cll C13 -160.39 0.14)
CB C7 Cll C12 143.20 0.12)
C8 C7 Cll Cl 3 -35.07 0.20)
C7 C8 C9 CIO -35.99 0.19)
CB C9 CIO Cl 86.11 0.17)
CB C9 CIO C14 -95.75 0.18)
C7 Cll Cl 2 01 -9.36 0.14 )
C7 Cll C12 02 171.02 0.14)
Cl 3 Cll Cl2 01 169.08 0.13)
C13 Cll C12 02 -10.54 0.23)
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in an ene-type reaction. The allylseleninic ester thus formed undergoes a 2,3- 
sigmatropic rearrangement by formation of a five-membered ring transition state on 
the same less hindered a-face. Subsequent hydrolysis of this ester provides the 
allylic a-hydroxyl group in (116). The C-4 exocyclic methylene group thus 
appears to be highly reactive, when compared to the C-10 exocyclic methylene. 
The allylic hydrogen at C-3 appeared to be in the most favored position to react 
Although traces of other minor oxidation products could be detected, it was not 
possible to isolate and positively identify them. The *H NMR of a mixture of minor 
products (Figure 3.2.9) showed signals very similar to (20), but instead of the 
triplet for H-6 at 5 3.97, the signal for H-6 appeared as a doublet at 8 4.05, which 
suggested the presence of a hydroxyl group at the allylic C-5. Kalsi et al.M, in 
continuation of studies on the plant regulatory activities of sesquiterpene lactones, 
applied the Se02 /  teuOOH methodology to dehydrocostus lactone (20) and other 
related compounds, obtaining results similar to the above described. The main 
products from the allylic oxidation contained the hydroxyl group at the C-3 
position, while further oxidation provided a second allylic hydroxyl group at C-5, 
leaving the other allylic positions at C-l and C-9 intact. However, a similar 
reaction on isodehydrocostus lactone (117) (Figure 3.1) and related compounds,64 
led to allylic oxidation at C -l. It can be concluded that the allylic oxidation with 
SeQz/ ‘BuOOH on dehydrocostus lactone (20) exhibits a high degree of selectivity 
towards reaction at the allylic position at C-3, and that the attack is most favorable 
from the a-face of the molecule.
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Experim ental
Oxidation of dehydrocostus lactone (20). A solution of 460 mg (2 mmol) 
of dehydrocostus lactone (20)70 in 25 mL of CH2C19 was added dropwise to the 
solution of 0.8 mL of ‘BuOOH (90%) and 133.5 mg (1.2 mmol) of SeO, while 
stirring and keeping the temperature at 21°. Progress of the reaction was followed 
by TLC. The reaction was stopped after lhr. when all dehydrocostus lactone (20) 
had reacted and one major spot appeared at Rf=0.51 (CH2Cl2-EtOAc, 5:1). The 
milky solution was then extracted three times with 15 mL of 10% KOH solution 
each. The organic phase was separated and washed with a saturated solution of 
NaCl. After drying over anhydrous MgS04 the solution was concentrated. TLC 
and *11 NMR indicated mainly one compound. The crude product was purified by 
preparative TLC, obtaining 93.3 mg (19% isolated yield) of pure (116). 
Spectroscopic and crystal data established its identity as 3-epizaluzanin C (116).73
3-Epizaluzanin C (116). C15H lg0 3; IR (neat) v max cm '1: 3601, 3510 (O- 
H); 3082, 2932, 2863 (C-H); 1763 (y-lactone); 1665, 1642 (C=C); 1453,1402 (C- 
H); 1308, 1260 (O-H); 1036, 997 (C-O-H); 901 (C=C-H); *H and 13C NMR: see 
Tables 3.2.1 and 3.2.2; EIMS mlz (rel. int.): 246 [M]+(2), 228 [M-H20]+ (1.5), 
218 [M-CO]+ (6.5), 201 [M-C3H9]+, 159 (13.6), 147 (16), 133 (19), 131 (28), 
122 (31), 121 (28), 107 (32), 105 (43), 96 (43), 95 (40), 93 (32), 91 (100), 79 
(58), 77 (71), 67 (29), 65 (38); X-Ray data: C15H lg0 3 FW=246.3, P212 121, a= 
7.6498(14), b=l 1.8057(7), c=14.2153(6) A, V= 1283.8(4) A3, z= 4, Dc= 1.274 g 
cm'3, F(000)= 528, T= 297 K, R= 0.031 for 2427 observations (of 2603 unique 
data).
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3.3.
Attempted Singlet Oxygen 
Oxidation Reactions 
of
Dehydrocostus Lactone
In tro d u c tio n
In continuation of oxidative transformations of natural sesquiterpene lactones42, 
dehydrocostuslactone (20) was subjected to oxidation with singlet oxygen. 
Dehydrocostus lactone (20) is one of the main constituents of costus root oil, a 
widely used perfume base. Since the early chemical studies on its essential oil,60"62 
the costus plant, Saussurea lappa Clark (Compositae) has been extensively 
studied.35,65'80 Since dehydrocostus lactone (20) contains three exocyclic double 
bonds, it provides an opportunity to test its reactivity and degree of selectivity with 
singlet oxygen.
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Singlet oxygen was produced by photochemical excitation of oxygen in the 
presence of methylene blue as sensitizer. The excited oxygen molecule decays to 
the ground state triplet very rapidly, in the order of (isec, depending on the solvent 
used. As seen in Scheme 1.10, the reaction of singlet oxygen (!0 2) on an olefin is 
formulated as a conceited ene-type process, usually generating allyl hydroperoxides 
as the initial products. Aldehydes are sometimes obtained by further oxidation of 
the product Olefin reactivity is increased by electron-donating alkyl substituents, 
while terminal alkenes are relatively inert and are usually not converted to product in 
significant amounts128' 130. The reaction is known to occur preferentially from the 
less hindered side of the molecule. Based on this known reactivity, the exocyclic 
methylene groups at C-4 and at C-10 in dehydrocostus lactone (20), could be 
expected to show very low reactivity towards reaction with singlet oxygen. Figure 
3.3.1. shows the postulated oxidation products for this reaction. Structures 
(132)-(135) correspond to the formation of hydroperoxides by reaction of the 
exocyclic double bonds at C-10 and C-4 in (20), while structures (136)-(139) 
correspond to the formation of aldehydes by further oxidation. The allyl 
hydroperoxides generated could subsequently be reduced with triphenylphosphine 
to provide the corresponding allyl alcohols.
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(20) (132)
(133)
CHO
HOOH2C
(136)
(135)(134)
CHO
CHO CHO
(137) (138) (139)
Figure 3.3.1 Postulated oxidation products of the singlet oxygen reaction of 
dehydrocostus lactone (20)
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Results and Discussion
A solution of dehydrocostus lactone (20)70 in CH2C12 was added to a 
methylene dichloride solution of methylene blue as sensitizer. Oxygen gas was 
bubbled through the irradiated solution. After 12h, thin layer chromatography 
indicated that no reaction had taken place. The solvent was changed to ethanol in an 
effort to improve the solubility of the dye. After another 12h of no apparent 
reaction, the temperature was allowed to rise to 34* for 7h before the reaction was 
stopped. TLC analysis of the reaction mixture showed a major spot at Rf=0.89 
(CH2Cl2-EtOAc, 10:1) corresponding to unreacted dehydrocostus lactone (20) 
followed by a minor spot at Rf=0.72. After solvent evaporation a vacuum liquid 
chromatography (VLC)126-127 was performed. 1H NMR analysis of the fractions 
suggested the presence of an aldehyde substituent Despite further chromatographic 
separations, only two fractions enriched in the aldehydic products could be 
obtained. The ^  NMR spectrum of fraction F5-11C (Figure 3.3.2) presented a 
sharp singlet at 8 9.8 suggesting a conjugated aldehyde functionality (C=C-CH=0). 
The presence of two sharp doublets at 8 6.17 and 5.45 suggested that the exocyclic 
methylene adjacent to the y-lactone (H-13) remained intact The presence of only 
two broad singlets at 8 4.92 and 5.03 for the exocyclic methylene (CsCHj) was an 
indication that the other exocyclic methylene had indeed reacted. Multiple signals 
between 8 4.3 and 3.3 were typical for protons adjacent to oxygen functionalities 
(CH-O). The JH NMR spectrum of fraction F5-11D (Figure 3.3.3) presented a 
broad singlet at 8 8.3, characteristic for a hydroperoxide group (-OOH). Two sets 
of doublets at 8 6.3 and 5.5 corresponded to exocyclic methylenes adjacent to the f-  
lactone group. Broad singlets at 8 4.90, 4.95 and 4.70 were typical for the 
exocyclic methylenes. A triplet at 8 4.1 was characteristic of the proton adjacent to
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the lactone ring (H-6). From these data it was not possible to determine the 
structure of the products. Due to the difficulty in the purification of the fractions 
and the small amount of impure products obtained, no further analysis was done. 
Nevertheless, some conclusions could be drawn from the results obtained. The 
reaction of dehydrocostus lactone (20) with singlet oxygen did not readily proceed 
under the usual reaction conditions. At elevated temperature (34*) it reacted, but 
only to a very small extent There was evidence of some oxidation products with 
an aldehyde and hydroperoxide functionalities, but due to the lack of sufficient 
reaction products it was not possible to determine their structures. These results 
correlated well with the expected low reactivity of exocyclic double bonds towards 
reaction with singlet oxygen.
Experim ental
10 2 Oxidation of dehydrocostus lactone (20). A solution of 2S0 mg (1.08 
mmol) of dehydrocostus lactone (20)70 in 10 mL of CH2C12 was added dropwise 
to a solution of 12 mg (0.03 mmol) of methylene blue (sensitizer) in 10 mL of 
CHjC^. Oxygen gas (industrial grade, Liquid Carbonic) was bubbled through the 
solution, which was kept under white light irradiation from a tungsten filament 
lamp placed 15cm above the neck of the flask. To prevent heating and excessive 
evaporation, the solution was immersed in an ice/water cooled Dewar flask. 
CH 2C12 was replenished as needed to compensate for the amount lost by 
evaporation. Progress of the reaction was followed by TLC. After 12h no new 
products could be detected by TLC. Ethanol was added in an effort to provide a 
better solvent for the sensitizer, but after 12h no progress of the reaction was 
observed. At this point the ice bath was removed and the temperature reached 34*.
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After 7h TLC analysis (CH2Cl2-EtOAc, 10:1) showed a minor spot at Rf= 0.72 
along with the major spot for dehydrocostus lactone (20) at Rf=0.89. The reaction 
was then stopped and after concentration of the reaction solution, a vacuum liquid 
chromatography (VLC)126,127 separation was attempted. Using gradient elution 
with mixtures of hexane, CH2C12, EtOAc and MejCO, 22 fractions were collected 
Early fractions contained mostly recovered dehydrocostus lactone (20). *H NMR 
of other fractions suggested the presence of an aldehyde substituent After several 
chromatographic separations and attempted purifications, enriched fractions F5-11C 
(4mg) and F5-11D (12mg) were isolated. Other fractions containing mixtures of 
products were also obtained.
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ATTEMPTED SYNTHESIS OF 
p-HYDROXY-a-METHYLENE-y-LACTONES
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Chapter 4.
Attempted Synthesis 
of
P-Hydroxy-a-Methylene-y-Lactones
In troduction
A large number of natural compounds containing the a-methylene-y-lactone unit 
(140) are of the sesquiterpene skeletal-type (Scheme 4.1). They show a wide 
range of biological activities, such as cytotoxic, antibiotic, antimicrobial, insect 
antifeedant, plant growth regulators, allergenic contact dermatitis, among 
others.9,10,15,17 The discovery of these properties prompted a large effort towards 
the synthesis of this type of compounds.38,39
All the experimental evidence about the biological activity of sesquiterpene 
lactones suggests that the a-methylene-y-lactone portion of the molecule is the
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essential structural feature. The a-methylene-y-lactone functionality acts as a 
receptor for biological nucleophiles, forming Michael-type adducts (141) (Scheme 
4.1). Assays on the inhibition of phosphofructokinase (PFK), one of the key 
enzymes regulating glycolysis, found that 7a-hydroxydehydrocostus lactone (21) 
was twentyfive times more active than dehydrocostus lactone (20).34 PFK 
contains several essential sulfhydryl groups, and a stereochemically proper 
disposition of the hydroxyl group adjacent to the lactone could strengthen the 
binding by H-bonding to the active site thus directing or increasing the selectivity of 
the nucleophilic attack.
Scheme 4.1 Michael-type reaction of a-methylene-y-lactones with nucleophiles
In order to further evaluate the effect of an adjacent hydroxy group on a -  
methylene-y-lactones, the synthesis of a series of P-hydroxy-a-methylene-y- 
lactones (142)-(146) (Figure 4.1) was planned The lactones could then be tested 
for their biological activities. This would provide more information on the 
relationship between structure and activity of this type of compounds.
(140) (141)
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(142) (143) (144 )
O
'O
(145 ) (146)
Figure 4.1 Series of P-hydroxy-a-methylene-y-lactones
Although there is a number of natural compounds containing the (J-hydroxy-a- 
methylene-y-butyrolactone unit, there are few synthetic methodologies.131-134 One 
of the early syntheses of P-hydroxy-a-methylene-y-butyrolactones was the 
preparation of tulipalin B (148) by the oxidation of a-methylene-y-butyrolactone 
(147) with Se02 in very poor yields135 (Scheme 4.2).
Corbet and Benezra136 succeeded in the preparation of the acetoxy derivative of 
tulipalin B and other P-acetoxy-a-methylene-y-lactones (Scheme 4.3). Michael 
addition of phenyl sulfide to phosphonate (149) followed by reaction with the 
chosen a-acetoxyaldehyde (150), led to an allylic sulfide (151), which on acidic 
treatment yielded directly the corresponding P-acetoxy lactones (152).
(147) (148 )
Scheme 4.2. Synthesis of tulipalin B (148)
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PhS
p-TsOH1. PhSNa
, OAc AcO
AcO
(152)(151)
Et0'Jp
EtO ^ Vs>Y
C 0 2R'
(149 )
(150)
Scheme 4.3. Synthesis of P-acetoxy-a-methylene-y-butyrolactcnes (152)
Rollinson et a/.137 devised a general synthetic approach to the preparation of 
several Lauraceae lactones with the a-alkylidene-P-hydroxy-y-butyrolactone 
(158) skeleton (Scheme 4.4). Addition of the enolate of a-phenylselenyl esters 
(153) to acrolein (154) or propargylaldehyde (155) yielded the corresponding 
olefinic acids (156) and (157), which after lactonization led to the desired 
Lauraceae lactones (158).
SePh
Me02C CH2 R 
(153)
i) H C = C —C H = 0 
(155)
ii) KOH, H20 , MeOH
LDA, THF, -78° C
i)CH 2=CHCH=0,-78°CA (154)u)K 0H ,H 20 , MeOH
.CO.
HO
HO (157)
,CO,H
HO
HO CH.
(156)
(158a)(158b)
Scheme 4.4. Synthesis of Lauraceae lactones (158)
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Kende and Toder138 developed a stereospecific synthesis of Iitsenolides 
(Scheme 4.5). Addition of aldehydes (159) to the enolates of the (Z) or (E)-ethyl 
esters (160), yielded the corresponding esters (161). Selective epoxidation 
followed by acid-catalyzed cyclizadon yielded the corresponding Iitsenolides 
(162).
.C02Et
R’
(Z)- (160a)
i) LDA, THF, -78°C
ii) R2-CH=0
(159)
(161a)
•C02Et i) mCPBA, 
CH2Q 2 
K2CO3,0°C
ii) H2S04,THF
(162a)
,C02 Et
i) LDA, THF, -78°C
ii) R2-CH=0 
(159)
(E)- (160b)
C° 2Eti) mCPBA,
CH2C12 p2"
^  .R ’ K2CQ3,0°C _ J -----
u) h 2so 4, t h f
(161b)
HO R'
(162b)
Scheme 4.5. Stereospecific synthesis of Iitsenolides (162)
Barbier and Benezra40 developed a synthetic approach based on the 
condensation of the lithium enolate of ethyl-2-(phenylthio)propanoate (163) with 
the appropriate 2-acetoxyaldehydes (164) (Scheme 4.6). Following the 
hydrolysis of acetates (165), oxidation of the resulting sulfides (166) provided 
the corresponding sulfoxides (167), which were successfully eliminated yielding
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the desired P-hydroxy-a-methylene-y-butyrolactones (168). Continuing with their 
studies on allergenic a-methylene-y-butyrolactones, Barbier and Benezra139 
prepared tulipalin B (148) and other P-hydroxy-a-methylene-y-butyrolactones by 
this methodology.
H SPh i) LDA, -78°C, THF
EtO?C CH.
CH.(163)
(164) (165)
R> ,0.
mCPBA 'SPh
HOA CH.
(1 6 6 )
'S (0)Ph
HO HO CH.
(168)
Scheme 4.6. Synthesis of P-hydroxy-a-methylene-y-butyrolactones (168)
The postulated convergent synthetic approach in this dissertation (Scheme 4.7) 
was based on this last approach, and involved the condensation o f the 2- 
acetoxycycloalkanone (172) with the lithium enolate (175) from ethyl-2- 
(phenylthio)propionate (174), prepared from the reaction of ethyl-2-bromo- 
propionate (173) with thiophenol. The 2*acetoxycycloalkanone (172) would be 
obtained by acetylation of the corresponding 2-hydroxycycloalkanone (171), 
which could be prepared through an acyloin condensation reaction of the 
corresponding acyclic diester (169)41. The sulfide (176) would then be 
converted to the corresponding sulfoxide (177) which would provide on pyrolysis 
the desired P-hydroxy-a-methylene-y-lactone (178).40>140
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Brv  X H ,r PhSNa,THF PhS. X H
EtO O 
(173) (174)
LDA,
THF
CC00Et Na, Me^SiQ COOEt toluene (169)
OSiMe,
< T
(170)
MeOH
OSiMe,
PhS. .CH
(175)
THF
.0
'OAc
(172) 
A t^ q  py
a:
(171)
OAc SPhQ2r
(176)
1. Ba(OH)2
2. mCPBA
OH S(0)Ph 
(177)
OH
(178)
Scheme 4.7. Postulated synthetic approach to p-hydroxy-a-methylene-Y-lactones (178) •v jo
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An advantage of the synthetic scheme proposed is the versatility of the 
convergent approach. While maintaining constant one of the precursors, compound 
(174), a variation of the carbocyclic backbone of the 2-acetoxycycloalkanone 
(172), would provide the desired series of P-hydroxy-a-methylene-y-lactones 
(178). The series of 2-acetoxycycloalkanones (172) could in turn be 
conveniently prepared from the corresponding commercially available diesters
(169).
R esults an d  Discussion
2-Hydroxycyclopentanone (171) was prepared by the acyloin condensation 
reaction o f diethyl glutarate (169), sodium metal and chlorotrimethylsilane41 
(Scheme 4.7). The procedure required extremely anhydrous conditions and inert 
atmosphere. Several reactions were performed before good results could be 
obtained. Toluene was refluxed over sodium and distilled directly into the reaction 
flask. Chlorotrimethylsilane was refluxed over calcium hydride and freshly 
distilled before the addition. Nitrogen, deoxygenated by bubbling through a 
pyrogallol solution and dried through a CaCl2 trap, was first used as the inert gas, 
but 0 2-free argon proved more convenient It was very important to have a fine 
dispersion of the molten sodium before starting the addition. Filtration was done 
under nitrogen flow and concentration in a rotary evaporator at a bath temperature 
of 50°. Since the boiling points of the product (170) ( l i t141 93-94° at 10-12 torr.) 
and unreacted diethylglutarate (169) ( lit142 103-104° at 7 torr.) were very close at 
the reduced pressures attained (1-4 torr), separation by high vacuum distillation was 
difficult to achieve. The 100MHz 1H NMR spectrum of the crude product of the 
acyloin condensation (Figure 4.2) showed besides a quartet at 5 4.13 and a triplet at
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5 1.25 for the (-OCH2CH3) group of the diethylglutarate (169), and a broad singlet 
at 8 0.18 for the (-OSiMe3) groups in (170), overlapping signals at 5 2.25 and 
1.80 for the l,2-bis(trimethylsilyloxy)cyclopentene (170) and the starting diester
(169). Integration for each signal was used to calculate the purity of the fractions 
obtained after the high vacuum distillation. At higher field (400Mhz) the NMR 
spectrum of the product of the acyloin condensation of diethyl glutarate (169), 
(Figure 4.3) showed a well defined triplet at 8 2.34 and a quintet at 8 1.95 for the 
methylene groups of unreacted diethyl glutarate (169),143 and a triplet at 8 2.24 
with a qu in tet at 8 1.76 fo r the methylene groups of 1 , 2 -  
bis(trimethylsilyloxy)cyclopentene (170). The 13C NMR spectrum of a typical 
fraction (Figure 4.4) suggested still a mixture of products. Signals for the expected 
product (170) I44 appeared at 8 130.5 (2 C=C), 30.1 (2 -CH2-), 16.8 (-CH^) and 
0.6 (2 -0-SiMe3), while signals for the starting diester (169) showed at 8 60.3 (- 
0 £ H 2CH3), 33.2 (-CH^CO), 20.1 (-CH2-), 14.1 (-OCH2£ H 3). In some of the 
fractions, there was evidence of a keto by-product with signals at 8 216 (C=0) and 
76.0 (-CH-OR), probably corresponding to the product of partial hydrolysis of
(170). Gas chromatography was also used to determine the purity of the fractions. 
GC-MS were obtained for some of the fractions, showing a mixture of products. It 
was observed that besides the expected disilylated product (170) (M+=244), some 
a-silylated ketone (M+=172) was obtained and apparently some dimeric material 
too (M+=354, 446).
The solvolysis of l,2-bis(trimethylsilyloxy)cyclopentene (170) was then 
performed. Reagent grade methanol was charged in a 500mL 3-necked flask fitted 
with magnetic stirring bar, a sintered-disk gas-inlet tube, a dropping funnel and a 
reflux condenser. Dry oxygen-free argon was bubbled through for lh  and then 
1,2-bis(trimethylsilyloxy)cyclopentene (170) was added dropwise with continuous
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stirring for 30h. After the removal of methanol and methoxytrimethylsilane under 
reduced pressure, the crude product was distilled under high vacuum and 2- 
hydroxycyclopentanone (171) was obtained. The NMR spectrum of (171)145 
(Figure 4.S) showed the expected signals at 5 1.6-2.5 for the methylene groups and 
sharp singlets at 3.95 (-CHOH) and 3.40 (-CHOH). The 13 C NMR spectrum of 
(171) (Figure 4.6) presented major signals at 5 218 (-CO-), 74.0 (-CHOH), 34.3 
(-CH2-CO-), 31.3 and 22.0 for the methylene groups in the cyclopentanone ring of
(171). The presence of a signal at 8 107.0 typical of a carbon of a hemiacetal 
group, along with some minor signals, indicated probably the formation of dimeric 
by-products. The GC analysis showed that the product still contained some minor 
impurities.
2-Hydroxycyclopentanone (171) was then refluxed with acetic anhydride and 
dry pyridine for 5h. After quenching the reaction mixture in ice-water and 
performing the usual work-up, the crude product was distilled under high vacuum 
through a short-path still. The 2-acetoxycyclopentanone (172) was obtained as a 
clear liquid. The *H NMR spectrum of (172) (Figure 4.7) showed signals 
between S 1.5-2.5ppm for the methylene groups in the cyclopentanone ring, two 
singlets at 8 2.13 and 2.08 (-OAc), two sharp singlets at 3.23 (-Cft-OAc), 
indicating a mixture of isomeric acetates. The 13C NMR spectrum of (172) 
(Figure 4.8) presented, besides the expected signals for (172) at 8 212 (-CO-), 
170.2 (-0 £ O C H 3), 74.7 (-CHOH-), 34.7 (-£H 2-CO-), 21.1 (-OCO£H3) and 
signals for methylene groups between 30.3 and 19.0; a signal at 8 109.6 and 
signals at 50.3 and 48.4 corresponding probably to a dimeric by-product GC 
analysis showed that (172) still contained some impurities.
Ethyl-2-(phenylthio)propionate (174) was prepared by the reaction of ethyl-2- 
bromopropionate (173) with freshly prepared PhSNa (Scheme 4.2).40 The
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reaction proceeded as expected. After removal of the solvent, the usual work-up, 
and purification of the crude product by high vacuum distillation, ethyl-2- 
(phenylthio)propionate (174) was obtained. The *H NMR spectrum of ethyl 2- 
bromopropionate (173) (Figure 4.9) showed signals at 8 1.30 (t, 7Hz,- 
OCH2CH3), 1.82 (d, 7Hz,-CH3), 4.23 (q, 7Hz,-OCH2CH3), and 4.37 (q, 7Hz,- 
CH-). The 13 C NMR spectrum of ethyl 2-bromopropionate (173) (Figure 4.10) 
showed signals at 8 170.0 (-C02R), 61.7 (-0-£H 2CH3), 40.0 (-CHBr-), 21.5 
(£ H 3-CHBr-) and 13.7 (-OCH2£ H 3). The 3H NMR spectrum of ethyl 2- 
(phenylthio)propionate (174) (Figure 4.11) showed clearly the new aromatic 
signals at 8 7.25-7.50, for the phenylthio group introduced. Besides signals at 8
1.17 (t, 7Hz,-OCH2CH3), 1.48 (d, 7Hz,-CH3), 4.11 (q, 7Hz,-OCfi2CH3), the 
signal for H-2 was shifted upfield from 8 4.37 in (173) to 3.79 (q, 7Hz,-CH-) in 
(174), due to the difference in electronegativity between the respective -Br and - 
SPh substituents. The 13C NMR spectrum of ethyl 2-(phenylthio)propionate
(174) (Figure 4.12) showed signals at 8 172.4 ( -£ 0 2R); aromatic signals at 8 
133.2, 132.9, 128.7, and 127.8 characteristic for the (-SPh) group introduced; 
61.0 ( -0 -£ H 2CH 3); 45.1 (-£H-SPh); 17.2 (£ H 3CH(SPh)-) and 13.9 (- 
OCH^Hj).
The condensation reaction between the 2-acetoxycyclopentanone (172) and 
ethyl 2-(phenylthio)propionate (174) was then attempted. A solution of (174) in 
THF was added dropwise to a solution of LDA, in order to obtain the enolate
(175). A solution o f (172) in THF was then added slowly, and left stirring 
overnight After the usual work-up, a crude condensation product was obtained. 
*H NMR of the crude condensation product (Figure 4.13) showed mainly a quartet 
at 8 4.11 and a triplet at 8 1.17 for the ethyl ester group, a doublet at 8 1.48 for the 
methyl group adjacent to the thiophenyl group and a quartet at 8 3.79 for the - 
CH(SPh) group, characteristic of ethyl 2-(phenylthio)propionate (174). A flash
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Figure 4.13. *H NMR spectrum of the crude product of the condensation reaction of
2-acetoxycyclopentanone (172) and ethyl-2-(phenylthio)propionate (174)
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187
column chromatography of the crude condensation product was performed, using 
Sigel and eluting gradiently with hexane, CH2C12, M e^O  and EtOH. The *H 
NMR spectrum of the early fraction F-l (Figure 4.14) showed signals for 
recovered ethyl 2-(phenylthio)propionate (174). The 13C NMR spectrum of 
fraction F -l (Figure 4.15) gave indication of ethyl 2-(phenylthio)propionate (174) 
and a closely related compound, in which the signal at 5 45.2 (-£H(SPh)) in (174) 
was shifted to 8 30.4. The ^  NMR spectrum of fraction F-2 (Figure 4.16) 
showed signals for a mixture of compounds. Besides signals for (174), F-2 
showed a similar set of signals, namely a sharp doublet at 8 1.41 (-(SPh)Cfi3), a 
triplet at 8 1.26 (-OCH2CH3), suggesting an isomeric compound; and signals at 8 
3.70, 3.26 (-CHOH), and overlapping signals between 8 2.0-1.0 indicating 
probably the hydrolysis of the acetyl group in (172). There was no evidence of 
signals for the expected product (176), i.e. an acetate signal at 8 2.0-2.2 or a 
singlet at 81.50 for a methyl group adjacent to the thiophenyl group in the y-lactone 
ring. The 13 C NMR spectrum of fraction F-2 (Figure 4.17) suggested a mixture of 
products. The reaction was repeated with very similar results and no evidence of 
the condensation product (176).
The mechanism of the condensation reaction (Scheme 4.8) was proposed to 
involve the initial attack of the lithium enolate (175) to the carbonyl group of the 
a-acetoxycyclopentanone (172). Rearrangement of the intermediate (179) by 
transfer o f the acetate group146, would lead to the alkoxide (180), which by 
lactonization would produce the condensation product (176). The recovery of 
unreacted ethyl-2-(phenylthio)propionate (174) (77%) and no evidence of 
formation o f the condensation product (176) suggested that the condensation 
reaction did not take place. A factor which could prevent the attack of the lithium 
enolate (175) on the carbonyl of (172) could be the steric hindrance created by the
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2-acetoxycyclopentanone (172) and ethyl-2-(phenylthio)propionate (174)
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cyclopentanone ring of (172). Another possibility could be the abstraction of the 
a-H  in the 2-acetoxycyclopentanone (172), creating an enolate capable of starting 
a self-condensation reaction of (172).
SPh
.CH.
OEt
.CH.
(179)
PhS, ,CH,
'OAc
(172) (176)
SPh
OEt
(180)
OAc SPh
CH,
(178)
Scheme 4.8. Mechanism of the condensation reaction of the enolate of 
ethyl-2-(phenyIthio)propionate (176) and 
2-acetoxycyclopentanone (172)
Experim ental
P rep ara tio n  of l,2-bis(trim ethylsiIyIoxy)cyclopentene (170). A 1.0 L
3-necked, creased flask was fitted with a stirrer capable of forming a fine dispersion 
of molten sodium, a reflux condenser, an addition funnel and kept under an 
oxygen-free nitrogen atmosphere. The flask was charged with 200 mL of dry 
toluene and freshly cut sodium (0.2mol). The solvent was brought to gentle reflux 
and then the stirrer was operated at full speed until the sodium was fully dispersed.
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The stirrer speed was reduced, and a mixture of diethylglutarate (169) (0.05mol) 
and chlorotrimethylsilane (0.2mol) in 60mL of toluene was added over l-3h. The 
reaction was exothermic and a dark purple precipitate appeared within a few 
minutes. The solvent was maintained at reflux during and after the addition. After 
Sh of additional stirring, the contents of the flask were cooled and filtered through a 
75mm coarse sintered disk funnel under N2 flow . The precipitate was washed 
several times with petroleum ether. The colorless to pale yellow filtrate was 
transferred to a distilling flask, the solvent evaporated. The residue was distilled 
under reduced pressure. After a small forerun, l,2-bis(trimethylsilyloxy)- 
cyclopentene (170) was obtained as a colorless liquid (10.5g, 80-85* at 2.5 
torr.[lit.141 93-94° at 10-12 torr.], 86%). Purity estimated by *11 NMR was 90%.
P reparation  of 2-HydroxycycIopentanone (171). Reagent grade methanol 
(180mL) was placed in a 500mL 3-necked flask fitted with a magnetic stirring bar, 
a sintered disk gas-inlet tube, a dropping funnel, and a reflux condenser. Dry, 
oxygen-free nitrogen was vigorously bubbled through the methanol for lh. Then 
freshly distilled l,2-bis(trimethylsiloxy)cyclopentene (170) (9g, 0.037 mol) was 
transferred under nitrogen to the addition funnel and added dropwise to the stirred 
methanol. Stirring under a reduced nitrogen flow was continued for 30h. The 
methanol and methoxytrimethylsilane were removed under reduced pressure. The 
crude product (3.3g) was distilled under high vacuum through a short-path still, 
obtaining 2-hydroxycyclopentanone (171) as a colorless liquid (2.0g, 54* at 0.7 
torr. [lit.141 78-80° at 10-12 torr.], 54%yield). GC analysis [methylsilicone 
column; Tj = 60°; Tf = 200°; tj = lmin.; tf = 4min.; rate = 10 7  min.; T^j = 200*] 
showed that the product still contained some minor impurities (major product Rt = 
5.06min. 51.2%).
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A cetyiation o f 2-H ydroxycyclopentanone (171). 2-Hydroxycyclo- 
pentanone (171) (2g, 0.02mol), acetic anhydride (1.9mL, 0.02mol), and dry 
pyridine (2mL, 0.024mol) were boiled under reflux for 5h. The solution was then 
poured into ice-water. The liquid ester was separated off and the aqueous layer was 
extracted twice with CH2C12 or ether. The combined organic phases were washed 
with 10% HC1 until all the pyridine was removed, then neutralized with sodium 
carbonate solution, washed with water, dried over anhydrous sodium sulfate and 
the solvent distilled off. The crude 2-acetoxycyclopentanone (172) (2.6g) was 
distilled under high vacuum through a short-path still as a clear liquid (1.6g, 65-75* 
at 0.6 torr, 56.3% yield). GC analysis showed a mixture of products, with a major 
peak at Rt =6.13min, 67.1%.
P reparation  o f EthyI-2-(phenyIthio)propionate (174). Sodium (0.05mol) 
was added under argon to lOOmL of ethanol cooled with an ice-salt bath (0*). After 
formation of sodium ethoxide, thiophenol (0.05mol) was added. After 15min 
ethanol was removed and the crystalline PhSNa was suspended in 50mL of 
anhydrous THF. Ethyl-2-bromopropionate (173) (0.05mol) was rapidly added 
with a syringe and the mixture was left overnight at room temperature. After 
removal of the solvent and the usual work-up, 10.3g of the crude oil was obtained. 
High vacuum distillation provided ethyl-2-(phenylthio)propionate (174) (8.0g, 
115-120° at 1 torr. [lit40 140* at 14torr.], 76.2%).
P reparation  o f P-acetoxy-a-(phenyIthio)-y-Iactone (176). In a 3-necked 
250mL flask, fitted with an addition funnel, magnetic stirring bar and a gas entrance 
through a septum, a solution of ethyl-2-(phenylthio)propionate (174) (2.2g, 
0.0105mol) in 6mL of THF was added dropwise under argon, at -78*, to a lithium 
diisopropylamide (LDA) solution, prepared from diisopropylamine (1.37g,
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0.0135mol) and butyllithium (0.94g, 0.0146mol) in 50mL of THF. After 25min, a 
solution of 2-acetoxycyclopentanone (172) (1.6g, 0.0112mol) in 6mL dry THF 
was added slowly to the reaction flask. After 20h, the dark brown mixture was 
quenched into ice/water. After the usual work-up, 2.7g of a crude oil was 
obtained. After further purification by flash column chromatography on silica gel, 
using mixtures of hexane, CH2C12, Me2CO and EtOH, the fractions were analyzed 
by TLC and combined accordingly. The early fraction F-l (1.46g, Rf = 0.53 
CH2Cl2'h exane> 4 ;1) was mainly recovered ethyl-2-(phenylthio)propionate (174), 
as evidenced by *H NMR. Fraction F-2 (0.3g, Rf = 0.26, 0.16 CH2Cl2-hexane, 
4:1) showed a mixture of compounds, but no evidence of the desired product
(176) by XH NMR analysis. The reaction was repeated, obtaining 2.4g of a crude 
product, which on chromatographic separation afforded 1.7g (0.008lmol, 77%) of 
recovered ethyl-2-(phenylthio) propionate (174), and no evidence of the 
condensation product (176).
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